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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. The main purpose of this thesis is the background research and the 
development of a model for a hybrid installation using a PV/T air system with a desiccant 
cooling system in TRNSYS. An energy and an economic assessment were performed on 
the viability of the system under different assumptions. The building and the HVAC sys-
tem was designed, simulated and optimized under certain assumptions. Additionally, a sen-
sitivity analysis was performed with different parameters of the simulated system. The sys-
tem was also compared to a simulated conventional one from energy and economic view.  
The results have showed that the PV/T-desiccant system covers the heating and cooling 
demand throughout a year for a typical office building for four different cities of different 
climatic zones in Greece. Moreover, part of the electricity consumption is generated by the 
photovoltaics. Finally, the energy and economic analysis have showed that the created sys-
tem is feasible for all the studied cases and it is preferable to the conventional one. 
At this point, I would like to express my sincere thanks to the person who have help and 
supported me during the elaboration of the present dissertation, Dr George Giannakidis. 
Moreover, I would like to thank Dr George Martinopoulos who have assisted me with the 
installation of the TRNSYS. Finally, I should show gratitude to my family and friends for 
the continuous support during the drafting of this dissertation and also during all the years 
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1. Introduction 
Mankind evolution and growth is inextricably linked to the energy use. Therefore, there 
must be an energy policy that will include all the activities that promote the energy de-
velopment. Energy policy consists of three main axes. The first is the security of supply, 
thus the independence of a country from imported energy. The second axis is competi-
tive energy prices for all kinds of sources and finally the third axis is the protection of 
the environment and sustainability. The equilibrium among these three components is 
the optimal solution.  
Numerous studies over the last years demonstrated that the climate change exists and it 
is man-made. In addition, the pollution caused by the conventional energy sources is 
destructive for the environment and dangerous for the human health. Eventually, it is 
our duty to prevent the degradation of Earth now and to give it protected to our children 
in the future. It is essential to decrease the use of the polluting fossil fuels and utilize all 
new renewable systems that lead to that direction. 
The main goal of this thesis is to propose a viable system that could have lead to a bal-
ance among the three axes of the energy policy, if implemented widely. Furthermore, a 
secondary but essential scope of the study that will take place is to endorse new ideas 
for the accomplishment of new innovative systems that support alternative energy 
sources such as solar energy. The system that will be studied in this thesis is a photovol-
taic-thermal system (PV/T). The PV/T is a combination of photovoltaic modules that 
generates electricity with a simultaneous use of the produced thermal energy. Conse-
quently, this study is an effort to optimize this system and therefore to promote the use 
of an endless source of energy, the sun, in a constant, economic and energy-saving way. 
In the following chapters, all the theory and the background research on photovoltaics 
and desiccant systems is showed analytically accompanied by applications of these sys-
tems that are already in use. In this particular study the simulation program TRNSYS 
(Transient System Simulation Program) has been utilized to simulate both the studied 
building and the HVAC system. The building was an office of 500 m
2
 area. Additional-
ly, this building was combined with a simulated ventilation system. This heats up the 
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room with the thermal energy produced by the PV/T collectors and an installed furnace. 
The PV/T collectors use air as a working fluid. In the summer period the cooling de-
mand is fully covered by a solid desiccant system combined to the PV/T system in order 
to save energy. The studied areas are Athens, Andravida, Thessaloniki and Kastoria. 
The required data, the assumptions and the connections of all the parts are explained 
systematically.  
Regarding the simulation of the building the thermal zones, the areas and the layers of 
the walls, the orientation, the size and kind of the windows, the insulation and the U-
values of all the building’s materials have been defined. Moreover, the numbers of oc-
cupants, the internal gains, the leakage and the shading have been chosen.  
As for the HVAC system, the main components that were combined are the PV/T mod-
ules, a diverting valve, a furnace, a rotary desiccant dehumidifier containing nominal 
silica gel, the air to air sensible heat exchanger, the humidifier and the cooling coil. 
Moreover, there are the controllers of the systems the season control, the thermostat and 
the week control and finally the electricity loads have been calculated in the program. 
All the above have been connected optimally in order to be efficient and energy saving. 
In the next part of this study, the results of the simulation are showed. The achieved in-
door temperatures and humidities and some of the components temperatures are pre-
sented in order to demonstrate the performance of the systems. Moreover, the energy 
gains and losses are presented. The fuel consumption and the electricity generation and 
consumption of the system are discussed. Additionally, the system is compared to a 
simulated conventional one on final and primary energy consumption in order to search 
for the optimal for all the studied cities. 
Furthermore, a sensitivity analysis takes place examining the dependence of the energy 
consumption to the area of the PV/Ts and to the packing factor. Finally an economic 
search and comparison of both the conventional and the PV/T- desiccant systems is in-
vestigated in the final part of this study.  
The results have showed that the simulated system, covers the heating and cooling de-
mand throughout a year for the typical office building for all the different cities in 
Greece. Moreover, the PV/T desiccant systems is both energy and economically viable 
for the studied cases. 
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2. Review of background re-
search. 
In this chapter the basic background for solar energy and the systems utilizing it are de-
scribed. Furthermore, desiccant systems and their applications are also presented. 
2.1 Solar energy. 
This chapter presents some general factors of the solar energy and analyzes the values 
that define the incident solar radiation on surfaces.  
2.1.1 General features. 
The sun is the central body of our planetary system. Its nucleus has temperatures of ap-
proximately 15 million K. Energy is released by nuclear fusion within the nucleus of the 
sun. The energy released is initially transported by radiation from the sun to its sur-
roundings and therefore to Earth. Further transport to the surface of the sun takes place 
through convection. This energy stream released by the sun is separated as radiation of 
matter on the one hand and electromagnetic radiation on the other hand.  
The solar radiation incident on the atmospheric surface changes throughout the course 
of the year. This variation is caused by the elliptical orbit, where the earth moves around 
the sun during the course of one year. The distance, between the two celestial bodies, 
changes and eventually this leads to a fluctuation in the radiation incident on the atmos-
pheric surface. There are lower temperatures on the Northern hemisphere during the 
winter than during the summer. The reason for this is that the rotation axis of the earth 
forms an angle of 66.5° with the orbital plane. Thus, the Southern hemisphere is facing 
the sun more than the Northern hemisphere in winter (Aschwanden 2004, Flemming 
1991, Liljequist 1984 Kaltschmitt et al. 1999, Malberg 2006). 
The solar constant is the amount of incoming electromagnetic radiation per unit area 
that is incident on a perpendicular surface to the rays, at a distance between the Earth 




 has a solar constant equal to 1,420 W/m
2
. The opposite takes place on June, 
2nd, when it reaches its minimum with approximately 1,330 W/m
2
 (Aphelion) as 
showed in figure 2.1. While the solar radiation incident on the Earth's atmosphere is rel-
atively constant, the radiation at the Earth's surface varies widely due to atmospheric 
effects, including absorption and scattering, local variations in the atmosphere such as 
vapours, clouds, and pollution, the latitude of the location and, as explained before, the 
season of the year and time of day (Aschwanden 2004, Flemming 1991, Liljequist 1984 
Kaltschmitt et al. 1999. Malberg 2006). 
 
Figure 2.1: Solar constant in the course of one year (Flemming 1991, Liljequist 1984, Malberg 
2006). 
The above diffusion mechanisms within the atmosphere cause diffuse and direct radia-
tion to incident on the surface of the earth. Direct radiation is the radiation incident on a 
particular spot straight from the sun. Furthermore, diffuse radiation is the radiation 
emerged by diffusion in the atmosphere and thus indirectly reaching a particular spot on 
the earth’s surface. The sum of the direct (beam) radiation and diffuse radiation is called 
global radiation. The diffuse radiation consists of the radiation diffused in the atmos-
phere, the atmospheric counter-radiation, and the radiation reflected by the surroundings 
(Kaltschmitt 2007). 
2.1.2 Values for the calculation of insolation. 
There are several values that define the insolation in each area. The declination angle is 
the position of the sun north or south of the earth’s equator and it changes due to the tilt 
  -5- 
of the Earth on its axis of rotation and the rotation of the Earth around the sun. The 
Earth is tilted by 23.45° and the declination angle varies plus or minus this amount. The 
declination angle can be calculated by the equation 2.1  
(2.1) 
The elevation angle is the angular height of the sun in the sky measured from the hori-
zontal. It is equal to 90°- φ (the latitude) + δ (the declination angle). The elevation angle 
varies throughout the day. It also depends on the latitude of a particular location and the 
day of the year. The zenith angle is equal to 90° - elevation. The azimuth angle is the 
angle that shows the direction from which the sunlight is coming. At solar noon, the sun 
is always directly south and north in the northern hemisphere and southern hemisphere 
respectively. The azimuth is equal to 0° in south direction. In order to calculate the sun's 
position, first the local solar time is found and then the elevation and azimuth angles are 
calculated (Kaltschmitt 2007). 
If a surface is tilted towards the sun, the incident solar power changes. When the ab-
sorbing surface and the sunlight‘s rays are perpendicular to each other, the power densi-
ty on the surface reaches its maximum value. However, as the angle between the sun-
rays and a fixed surface is continually changing, the power density on a fixed module is 
also altered. In order to calculate the incident radiation on a tilted surface, the elevation 
angle α and the tilt angle β are needed as well as the horizontal (Shorizontal) or the incident 
radiation (Sincident). Therefore the Smodule (or else Ssurface) is equal to the incident radiation 
times the sin(α+β) (figure 2.2)(Kaltschmitt 2007). 
 
Figure 2.2: The angles on a tilt surface (Kaltschmitt 2007). 
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The values of the incident radiation should be regarded as maximum possible values at 
the particular location as they do not include the effects of cloud cover. The module is 
assumed to be facing south in the northern hemisphere and north in the southern hemi-
sphere. The module power is less than the incident power except when the module is 
perpendicular to the sun's rays and the values are equal. For a surface at an arbitrary tilt 
and orientation equation 2.2 holds (Kaltschmitt 2007). 
(2.2) 
 In equation 2.2, α is the sun elevation angle and θ is the sun azimuth angle, β is the 
module tilt angle. A module lying flat on the ground has a β angle equal to 0° and a ver-
tical module has a β equal to 90°. Ψ is the azimuth angle that the module faces. Most 
modules are aligned to face towards the equator. A module in the southern hemisphere 
will be facing north with ψ equal to 0° and a module in the northern hemisphere will 
typically face directly south with ψ equal to 180°. Ssurface and Sincident are respectively the 
light intensities on the module and of the incoming light in W/m², the Sincident being a 
direct only component. A module that directly faces the sun so that the incoming rays 
are perpendicular to the module surface has the module tilt equal to the sun's zenith an-
gle (90 - α = β) and the module azimuth angle equal to the sun's azimuth angle 
(Kaltschmitt 2007).  
2.2 Systems utilizing solar energy. 
Generally, the two conversions of the solar energy are to thermal and electric energy. 
Usually, these systems are used independently. Electric energy is produced by the 
photovoltaics and thermal is produced by the solar collector such as the flat plate, the 
evacuated tube etc (Becquerel 1939, Hottel and Whillier 1950). 
2.2.1 Photovoltaics’ operation and analysis. 
The photovoltaics generate direct current (DC) electrical power measured in Watts (W) 
from semiconductors when they are illuminated by photons. As long as radiation strikes 
on the solar cell or else module, it generates electrical power. When the light stops, the 
electricity stops (Luque and Hegedus, 2002).  
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2.2.1.1 Operation of the solar cells. 
The solar cells are manufactured mainly by semiconductors such as crystalline silicon 
(Si). If the electrons of the crystal bonds are offered an amount of energy hv, less than 
the energy gap Eg this energy can be absorbed and the electron remains in the same 
band. On the contrary, if the energy quanta that are offered are equal or greater than the 
energy gap of the semiconductor, then any quantum exits the conduction band, leaving a 
hole in the valence band. The above mechanism of excitation depends on whether the 
semiconductor is direct or indirect (Luque and Hegedus, 2002). 
Furthermore, if the tetravalent semiconductor Si is tampered with another element such 
as phosphorus (P) or boron (B), the semiconductor type n-p is produced. If p- and n-
doped materials brought into contact, holes from the p-doped side diffuse into the n-
type region and vice versa. First, a strong concentration gradient is formed at the p-n 
junction, consisting of electrons inside the conduction band and holes inside the valence 
band. Due to this concentration, gradient holes from the p-region diffuse into the n-
region while electrons diffuse from the n- to the p-. As a result of the equilibrated con-
centration of free charge carriers an electrical field is built up across the border interface 
(p-n-junction). This is the photovoltaic effect. The density of the electrons and the holes 
can be observed in figure 2.3 (Kaltschmitt 2007).  
 
Figure 2.3: Creation of a depletion layer within the p-n-junction (Kaltschmitt 2007). 
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2.2.1.2 Materials utilized in cells.  
One kind of photovoltaic cell is the monocrystalline silicon solar cell with thickness 0.3 
mm and performance in the industry ranges from 15 to 18%. They have high energy 
density. Basic technologies of production are monocrystalline photovoltaic method CZ 
(Czochralski) method and FZ (float zone). Another solar cell is the polycrystalline with 
thickness also about 0.3 mm. The method of production is cheaper than that of 
monocrystalline and therefore their price is lower. The commercial polycrystalline solar 
cells are available with capacities from 13 to 15%. The production technologies are 
three, the method of direct solidification, the method with development of molten sili-
con and electromagnetic casting of EMC (Kaltschmitt 2007). 
Additionally, to the previous types of solar cells are the film silicon solar cells. It is a 
relatively new technology of photovoltaic modules. These thin film coatings which are 
produced by depositing semiconductor material have less amount of silicon used, thus 
their price is generally much lower. The CIS using CuInSe2 is one of the thin film 
photovoltaics. It has excellent absorbency in incident light but still has low efficiency 
(11%). Laboratory performance is made possible at the level of 18.8% which is the 
largest ever reached between the thin coating of photovoltaic technologies. The problem 
is that indium is present in limited quantities in nature (Kaltschmitt 2007). 
The amorphous silicon solar cells, characterized by the random way in which the atoms 
of silicon are arranged, have efficiencies from 6 to 8%, while in the laboratory yields 
achieved even a level of 14%. The major advantage of the photovoltaic element a-Si is 
that it is not affected by high temperatures typically. Also an improvement in the use 
compared to crystalline PV is the absorption of the diffuse radiation with cloudy weath-
er. On the other hand, they have low energy density (Kaltschmitt 2007).  
Cadmium telluride is another combination of substances that is used in solar cells with 
same efficiencies as the amorphous cells. An impediment to its use is the fact that cad-
mium, according to some surveys, is carcinogenic, leading to concerns and limiting the 
possibility of extended use. The Gallium arsenide (GaAs) has a yield in the form of 
multiple combinations of 29%. Also, GaAs solar cells are extremely resistant to high 
temperatures. Moreover, GaAs solar cells have the advantage of withstanding very high 
amounts of solar radiation (Kaltschmitt 2007).  
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2.2.1.3 Component sheets of a PV. 
The array of cells must be properly enclosed in order to be reliable for outdoor opera-
tion. The important factors are the rigidity to withstand mechanical loads, protection 
from weather conditions and humidity, protection from impacts, electrical isolation for 
the safety of people etc. A typical cell is sketched in figure 2.6. Its layers are a 2- to 3-
mm thick soda lime glass to provide mechanical rigidity and protection to the module 
while allowing light through. It must have low iron content or otherwise the light trans-
mission will be low. Modern modules use glass with cerium that absorbs UV radiation 
to enhance reliability. Tempered glass must be employed to increase the resistance to 
impacts (Luque and Hegedus, 2002). 
The cell matrix separates two layers of a material such as the copolymer ethylene-vinyl-
acetate (EVA), a plastic composed of long molecules with a backbone of carbon atoms 
with single covalent bonding. EVA has thermoplastic features, that is, shape changes 
made under heating are reversible. It is usually around 0.5-mm thick. Along with the 
polymer, the film contains curing agents and stabilizers. The outer layer at the non illu-
minated module side is usually a composite plastic sheet acting as a barrier for humidity 
and corroding species. Some manufacturers use a second glass, which increases protec-
tion (Luque and Hegedus, 2002). 
 
Figure 2.4: The layers of a typical solar cell (Luque and Hegedus, 2002). 
2.2.1.4 Characteristic values of a photovoltaic cell. 
In order to evaluate the performance of the photovoltaic element, the graph of intensity 
and tension, the so-called IV curve, is used. Each PV element has its own IV curve, 
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which shows all the potential combinations of tension and voltage under normal operat-
ing conditions. The major points on the curve is the open circuit voltage (VOC), which 
depends on the number of elements connected in series, the short circuit current (ISC), 
the voltage at maximum power (Vmp) and the current at maximum power (Imp) The volt-
age of the module is equal, in principle, to the number of series-connected cells times 
the voltage of the single cell, and the module current is equal to the number of paral-
leled cells times the single cell current. Whatever the combination, the module power 
equals the power of a single cell times the number of cells (Kaltschmitt 2007).  
One of the major factors in the photovoltaic element is the performance. Performance is 
defined as the power (Pmax) generated by the element at the maximum power point un-
der normal conditions over the power of radiation incident on it times the surface of the 
photovoltaic elements. It can be calculated using equation 2.3, where E is the incoming 
radiation in [W / m²] and A the PV surface in [m²] (Kaltschmitt 2007). The main fea-
tures, that a PV producer usually provides, are the values of representative points of the 
module I –V curve measured at standard cell conditions (STC) as presented in figure 
2.5. The STC are 1 kW/m
2
 irradiance, AM1.5 spectral distribution and 25◦C cell tem-
perature. The maximum power of the module under STC is called the peak power and 
given in watts-peak (Wp). 
 
Figure 2.5: IV curve for the solar cell (Kaltschmitt 2007). 
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 (2.3) 
Equation 2.4 clearly shows the temperature dependence of photovoltaic elements. As 
the temperature of the element increases, the electrical efficiency becomes lower than 
the performance in normal conditions. This is because the amount of electrons released 
by the incoming photons remains constant with increasing temperature, however, the 
leakage current increases (Luque and Hegedus, 2002). 
 (2.4) 
The conditions in real operation are not the standard ones. Instead, they differ strongly 
and influence the electrical performance of the cell. One reason for this efficiency loss 
is the angular distribution of light. If it does not fall perpendicular to the module the ab-
sorbed radiation decreases. Moreover, if the spectral content of light changes it produc-
es different cell photocurrents according to the spectral response. Because of the fact 
that the solar spectrum varies with the sun’s position, weather etc., it never matches the 
AM1.5 standard. Furthermore, for a constant cell temperature, the efficiency of the 
module decreases with diminished irradiance levels (Pareta et al., 1997).  
The absorbing solar radiation heats up the module. As a result a reduced performance is 
observed. This is usually the most important performance loss. Therefore, the efficiency 
of the solar cells drops with increasing operating temperatures. The peak power is de-
termined at 25 
O
C, therefore, the actual power produced is often less than this because 
the module will typically run at 40 to 60 
O
C. The physical properties are well known 
thus the efficiency of the cell can be predicted (Adhikari 2003, Butera et al 2007, 
Krauter et al. 2000, Pareta et al., 1997). 
One method that determines the cell temperature is the steady-state power balance. The 
temperature is dependent on the absorbed luminous power, which is partially converted 
into useful electrical output and the rest is dissipated into the surroundings. Convection 
and radiation are the main mechanisms. A common simplifying assumption is made that 
the cell-ambient temperature drop increases linearly with irradiance. Furthermore, the 
cell’s temperature is affected by secondary environmental effects such as wind direc-
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tion, ground reflections, mounting, and electrical loading. Therefore, the coefficient de-
pends on module installation, wind speed, humidity etc. This is the Nominal Operating 
Cell Temperature (NOCT) and it is defined as the cell temperature when the ambient 
temperature is 20 
O
C, irradiance is 0.8 kW/m
2
 and wind speed is 1 m/s. NOCT values 
around 45 
O
C are typical. The cell temperature is described by equation 2.5 with G the 
irradiance value (Fuentes 1987, Koltay 1998, Luque and Hegedus, 2002). 
(2.5) 
Additionally to the above, the module short-circuit current is assumed strictly propor-
tional to irradiance. It slightly increases with cell temperature. The coefficient α gives 
the relative current increment per degree Celsius.  For crystalline Si the α coefficient is 
equal to 0.4% per 
O
C showed in equation 2.6 (Luque and Hegedus, 2002). 
(2.6) 
The open-circuit voltage strongly depends on temperature, decreasing linearly with it. It 
is calculated with the equation in figure 2.12. For crystalline Si, β is 2 mV per ◦C for 




In the equation of the efficiency, there are not included long-term degradation or system 
losses. System losses consist of the power-conditioning unit’s efficiency, the ability to 
operate at the maximum PV power point, the orientation, the shading, and the resistance 
losses in the wiring. Finally the mismatch in the power of different modules should be 
included (Luque and Hegedus, 2002). 
All measurements should be performed after any initial degradation of the material be-
cause commercial silicon modules have shown small changes in performance after the 
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first few hours of operation. At the present time, all amorphous silicon PV technologies 
degrade when exposed to sunlight. The degradation stabilizes at a level of 80% to 90% 
of the initial value. The efficiency continues to diminish after 500 h of light exposure at 
lower temperatures even if the light level is reduced. All the above should be included 
in the calculation of the efficiency of the solar cells (DeCueto 1999, DeWolf 2000, 
Fisher 1973, Luft et al. 1991 and 1994). 
2.2.2 Solar thermal systems. 
The basic model of a solar thermal system is the solar collector. It is fundamentally a 
kind of heat exchanger that converts the energy of solar radiation into heat. It consists 
mainly of a dark flat plate absorber of solar energy, a heat insulating backing, an insu-
lated transparent cover and pipes in which a working fluid circulates. Sunlight is ab-
sorbed and the fluid is heated inside the tubes. The fluid exits the solar collector and 
usually goes into a storage tank. The operating range of a solar collector is 0 
O
C to 100 
O
C (Hottel and Whillier 1958). 
 
Figure 2.6: Schematic description of solar air-conditioning system with various component op-
tions (Balaras et al. 2005). 
Other types of solar collectors for thermal use are the evacuated tube, the compound 
parabolic tube, the parabolic and cylindrical through, the Fresnel collector, etc. These 
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applications are for both residential and industrial use. Their solar concentration ratio is 
more than one. Detailed description of all the foregoing applications is included in the 
bibliography (Kalogirou 2004). 
In figure 2.6, a system utilizing solar energy for heat generation is described. Firstly, the 
solar collectors, which can be flat plate collectors or evacuated tubes, absorb the solar 
radiation. The next components are optional heat buffer storage and the heat distribution 
system. One use of the produced heat could be for domestic hot water. Another use 
could be for chilled water or conditioned air through heat-driven cooling devices such 
as a sorption chiller. Finally, these systems could include an optional cold storage, the 
cooling distribution system and finally an auxiliary system for backup (Balaras et al. 
2005). 
Different studies have showed the importance of these combined systems. Balaras et al. 
have described the project SACE (Solar Air Conditioning in Europe) which had as a 
goal to assess all the prospects and potentials of solar cooling in Europe (Balaras et al. 
2005). Additionally, Kim and Fereira have discussed and compared the solar thermal 
refrigeration both the thermo-mechanical and sorption cooling (Kim and Fereira 2007). 
Papadopoulos et al. have discussed the importance of the use of the solar energy in the 
a/c systems due to the growing cooling demand in Europe and especially in Greece (Pa-
padopoulos et al. 2003). Tsoutsos et al. has analyzed different cooling systems in differ-
ent urban areas and has compared them from the economic perspective (Tsoutsos et al. 
2003). 
Another significant study is the analysis of open and closed cooling systems by Gross-
man. The solar cooling technologies are described analytically. Oxizidis and Papado-
poulos have provided a description of all the solar cooling methods and have pointed 
out technical and market characteristics of the systems. Moreover, an analytic economic 
and environmental review is demonstrated in the work of Otanicar. Finally, for other 
different applications of the solar thermal technologies one can study the papers of Zhai 
et al. which describe integrated solar systems and applications for a residence (Gross-
man 2001, Oxizidis and Papadopoulos 2008, Otanicar et al. 2012, Zhai et al. 2007 and 
2008).  
2.2.3 Hybrid photovoltaic-thermal systems. 
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A PV-Thermal (PV/T) collector is a module in which produces both electricity and heat 
because it also serves a thermal absorber. These collectors work similarly to the flat 
plate solar collectors, except that a part of the incident solar radiation is converted into 
electricity. The idea of a device that covers both electricity and heat demand is major 
for the achievement of higher overall efficiency and thus, energy and money savings. 
That was comprehended by many scientists and therefore PV/T research has been car-
ried out for several years. Initially, the PV/T collector has been studied by Martin Wolf 
in the 1970s and since then numerous studies are made for the optimization of the PV/T 
systems (Wolf 1976). An overall review for the PV/T collectors is completed by 
Zondag in 2008 including both water and air PV/T collectors (Zondag 2008). Other 
previous reviews are made by Charalambous et al. in 2004 and 2007 (Charalambous et 
al. 2004 and 2007).  
The PV/T collectors can be flat plate or concentrating. Moreover, they are classified ac-
cording to the type of the working fluid, water or air. The flat plate PV/T collector is 
similar to the flat plate thermal collector as showed in figures 2.7 and 2.8. The water 
tubes are set under the module. The PV/T is mainly a PV module attached on the top of 
an absorber. Furthermore, the concentrating PV/T collector is a PV module with reflec-
tors with concentration ratio more than one (Charalambous et al 2007). 
 
Figure 2.7: Cross section of a PV/T collector with water as working fluid (Charalambous et al 
2007). 
PV/T collectors can have a glass cover over the absorber in order to decrease the ther-
mal losses. A collector with a glass cover is referred to as "glazed", otherwise as "un-
glazed". The terms "glazed" or "unglazed" do not refer to the glass substrate that may be 
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part of the PV/T absorber. Glazed collectors have smaller thermal losses, especially at 
higher collector fluid temperatures. For medium to high temperature applications, this 
results in a much higher annual thermal yield. The technical issues relating to the glazed 
collectors are a possible risk of yellowing and delamination for certain types of PV in 
high stagnation temperatures. Moreover, the glazing makes the module more sensitive 
to hot spots. Reflection losses at the glazing decrease the electrical performance. In-
creased temperature levels lower the electrical yield. In order to choose the packaging 
factor is important to find the optimal balance between the increased thermal yield and 
the reduction in electrical yield according to each application and its needs (Affolter et 
al. 2012).  
 
Figure 2.8: Main features of a flat plate PV collector (Chow 2010). 
Additionally to the above, the temperatures in a PV/T absorber with standard PV cells 
can reach of up to about 150 °C. The PV/T absorber gets less hot than a thermal absorb-
er with selective coating. The solar cells can withstand temperatures around 220 °C 
without any problem. In this temperature range no diffusion takes place. On the contra-
ry, most encapsulation materials used for PV-modules cannot endure these high thermal 
collector temperatures (see chapter 2.2.1.4). Ethylene vinyl-acetate, for example, oxi-
dizes faster at high temperatures and solar irradiation (UV-radiation) than at lower tem-
peratures and the maximum temperature for most polymeric encapsulation materials is 
around 100 °C.  
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2.2.3.1 Liquid PV/T collectors. 
Some applications for liquid PV/T collectors are examined by Kern and Russell, 
Hayakashi et al., Nishikawa et al. and Agarwal et al. (Kern and Russell 1978, Hayakashi 
et al. 1989 and Nishikawa et al. 1993, Agarwal et al. 1994). De Vries, Zondag et al. and 
Jong have made various comparisons between different PV/T types. Additionally, 
Zondag et al. presented monitoring results on the 54 m 
2
 glazed PV/T array installed at a 
head office. The PV/T heats a storage tank. For domestic use, Kalogirou modeled in 
TRNSYS a pump-operating PV/T water system with water tank, power storage and 
conversion, and temperature differential control. Another study presented by Kalogirou 
and Tripanagnostopoulos is the calculation of the yield of a 4 m PV/T thermosyphon 
system for different climates (De Vries 1998, Jong 2001, Kalogirou 2001, Kalogirou 
and Tripanagnostopoulos 2005, Zondag et al. 2001 and 2005). Chow et al. presented a 
photovoltaic-thermosyphon collector for residential applications with rectangular flow 
channels and discussed the energy performance (Chow et al. 2006). 
 
Figure 2.9: Cross section of four kinds of liquid PV/T collectors (Charalambous et al. 2007). 
The kinds of the PV/T collectors with water as a working fluid are demonstrated in fig-
ure 2.9. The four kinds are the collector with sheet and tube (figure 2.10 top left), col-
lector with channel (top right), the free flow collector (bottom left) and two absorber 
PV/T collector (bottom right) (Charalambous et al 2007). Furthermore, a comparison of 
the efficiencies of different water PV/T collectors analyzed by Zondag et al. is showed 
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in figure 2.10. The PV collectors were classified in four categories, the sheet and tube 
PV/T collectors, the channel PV/Ts, the free flow and two absorber PV/T collectors 
(Zondag et al 2003). 
 
Figure 2.10: Comparison of the efficiencies of different PV/T collectors (Zondag et al. 2003) 
2.2.3.2  PV/T air heating collectors. 
The PVT air collectors are similar to a conventional underflow air collector with a PV 
laminate functioning as the top cover of the air channel. PVT air collectors have the im-
portant advantage over PV/T liquid collectors that conventional PV modules can be 
used, which reduces the module costs relative to PVT liquid modules. 
Some studies analyzing the performance of air PV/T collectors are the following. Cox 
and Raghuraman have simulated the optimization of the design of flat plate PV/T solar 
air collector in order to increase the solar absorptance and reduce the infrared emittance. 
Garg et al. have presented a theoretical study of PV/T collector with plane booster re-
flectors. Garg and Adhikar have developed a computer simulation model for the transi-
ent performance of PV/T air heating collector with single and double glass designs. 
(Cox and Raghuraman 1985, Garg et al. 1994, Garg and Adhikar 1997). 
Hegazy has compared the performance of four different PV/T air collectors. The four 
designs are showed in figure 2.11. In the first the air flow passage is located above the 
absorber (a) and the second has the airflow below the absorber (b). The third and the 
forth have the air flow on both sides of the absorber, in a mono- pass (c) and double-
pass (d) mode respectively. Sopian et al. have developed a steady–state model for com-
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paring the performance of single- and double-pass PV/T air collectors (figure 2.11). The 
double-pass design was proven to perform better (Sopian et al. 2006). 
 
Figure 2.11: Cross our kinds of PV/T air collectors (Chow 2010). 
Some other studies that took place in the University of Patras in Greece have promoted 
the development of the PV/T collectors with air as a working medium. Analytically, 
Tripanagnostopoulos et al. conducted experiments on PV/T air collectors of different 
design configurations for horizontal-mounted applications. Additionally, 
Tripanagnostopoulos et al. performed a study of improving the PV/T air collectors by 
enhancing heat extraction. Moreover, Tonui and Tripanagnostopoulos studied the de-
gree of improvement in PV/Ts by adding suspended metal sheet at the middle of the air 
channel and fins at the opposite wall of the air channel (Tripanagnostopoulos et al. 
2001, Tripanagnostopoulos 2002, Tonui and Tripanagnostopoulos 2005 and 2007).  
Furthermore, two studies in India included the evaluation of the overall efficiency per-
formance of unglazed and glass to glass PV/T air collectors (Tiwari et al. 2006, Joshi et 
al. 2009). In addition, Dubey et al. have studied different configurations of glass-to-
glass and glass-to-tedlar PV modules with parameter the electrical efficiency with and 
without airflow Sarhaddi et al. investigated the thermal and electrical performance of a 
solar photovoltaic thermal (PV/T) air collector (Dubey et al. 2009, Sarhaddi et al. 2010). 
2.2.3.3 Performance of the hybrid PV/T collectors. 
In order to access the competence of a PV/T collector both the thermal and the electrical 
performance is needed. The electrical performance of the PV module is described in 
chapter 2.2.1.4. As far as the thermal performance the necessary equation is the thermal 
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efficiency (equation 2.9). The thermal efficiency is equal to the mass flow rate (m) 
times the specific heat capacity of the coolant (C) times the temperature difference of 
the inlet and the outlet (Tout-Tin) divided by the collector aperture area (A) and the inci-
dent normal solar irradiance (G). 
(2.9) 
The overall efficiency of the PV/T collectors is the sum of the electrical and thermal 
efficiency (equation 2.10). Another method to access the efficiency is the energy saving 
efficiency as described in equation 2.11. 
(2.10) 
(2.11) 
2.3 Desiccant systems.  
Desiccants are defined as materials which draw and hold water vapor. These systems 
consist of sorption cycles, using water as the refrigerant in contact with air and they are 
usually open, thus the cooling medium is removed from the system after providing the 
cooling effect and new refrigerant is supplied in its place in an open-ended loop. Gener-
ally, the desiccant utilizes the sensible and latent heat of the air stream. The desiccant 
(sorbent) material can be either solid or liquid. 
Desiccant systems in HVAC applications can be used as a complete cooling system 
choice or as an additional part of the conventional mechanical refrigeration. They are 
preferred when constant temperature and humidity control is an important factor to the 
user.  
They can be used to create very low humidity environments (5-10% relative humidity) 
which would otherwise be difficult and expensive to maintain using compression-
refrigeration equipment. Desiccant-based energy recovery systems basically decouple 
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the latent load from the equipment (typically mechanical cooling) handling the sensible 
load. They are often used in projects where the latent load is in excess of that which can 
be done by conventional unitary cooling equipment. They are often considered when 
controlling relative humidity is essential to avoid the growth of microbials. 
2.3.1 Liquid desiccant systems. 
Liquid desiccant cooling systems operate based on liquid desiccant’s strong affinity to 
water. They utilize low-grade heat sources such as solar hot water or solar heated air. 
Furthermore, they work under atmosphere pressure without the need for pressure-sealed 
units (Wang et al. 2009). 
2.3.1.1 Description of the liquid desiccant systems. 
The basic liquid desiccant cooling system is shown in picture 2.12. Firstly, the dehu-
midifier is designed to join the process air with the sorbent (LiCl) and this will absorb 
the humidity directly from the air stream. Then, the air is further cooled by the cooling 
water provided by a direct evaporator (water to air heat exchanger). With this, the latent 
load is subtracted by the working medium (the air) (Wang et al. 2009).  
After dehumidification, the liquid desiccant solution is led to a heat recuperator through 
a pump and later on it is preheated before it enters the regenerator. There, the solution is 
regenerated back to its original concentration. After this process, the recuperator and a 
pre-cooler drop the solution’s temperature before it enters again the dehumidifier. In 
order to reduce the heat loss of the regeneration air, an air to air heat exchanger is used 
(Wang et al. 2009). 
Liquid desiccant systems incorporated with solar collectors are preferred because of the 
high potentials. Firstly, a liquid desiccant cooling system can be powered by heat 
sources at 40 to 80 
O
C, which could be provided by a solar collector (Jain and Bansal, 
2007). Secondly, liquid desiccant could work as an energy storage and operate also at 
night. There are three kinds of regenerators powered by solar energy the open regenera-
tor/collector, the closed regenerator/collector, and regenerator plus collector (Mei and 
Dai 2008). The first and second kinds have a higher efficiency with compact structure 
whereas the third has a more stable performance. 
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Figure 2.12: The liquid desiccant system (Wang et al. 2009). 
2.3.2 Solid desiccant systems. 
The second kind of system that utilizes sorbent materials is the solid desiccant system. 
The solid desiccant cannot be circulated inside a water flow by pumping, so these sys-
tems usually utilize a rotary bed in which the sorbent material is carried. This rotary bed 
is also called the desiccant wheel and allows continuous operation (Wang et al., 2009). 
The main adsorbents used in the solid desiccant systems are silica gel or various types 
of molecular sieves, activated carbon, activated alumina, lithium chloride, calcium chlo-
ride and etc (La et al. 2009). 
2.3.2.1 Description of the solid desiccant system. 
Figure 2.13 shows the basic operating principle of a rotary desiccant dehumidifier. As 
seen, the desiccant material is set into a support structure. The wheel is divided into the 
process air side and regeneration air side. The wheel is constantly rotated by a small 
motor through two separate sections and the process air is dried by the desiccant due to 
adsorption (La et al. 2009).  
Part of the wheel is exposed to the process air. It is dehumidified by the desiccant wheel 
and the dried process air is carried away by a pump. The regeneration air is heated by a 
heat exchanger and it desorbs the water from the wheel. Thus, the regeneration air is 
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humidified. Heat is needed to regenerate the desiccant material (drive off the absorbed 
water vapor and discharge it outdoors using a scavenger air stream). Finally, the moist 
air is driven away from the wheel by a second pump. 
 
Figure 2.13: Diagram of the rotary wheel (La et al. 2009). 
It should be noticed that the desiccant dehumidification process is close to an isenthal-
pic procedure therefore, it simply converts latent energy to sensible energy and produc-
es no useful cooling. Therefore, in order to provide the cooling result, an auxiliary cool-
er, like an evaporative cooler and other air conditioning equipments, must be included 
to remove the sensible heat (La et al. 2009). 
The first patent on rotary desiccant air conditioning cycle was pioneered by Pennington 
in 1955 (Pennigton, 1955). The Pennington cycle is showed in figure 2.14. The stages 
(figure 2.15) are the following: 
 1 to 2: Dehumidification of the ambient air in the desiccant wheel. The air’s 
temperature rises and its humidity ratio drops. 
 2 to 3: A heat exchanger cools down the dry air by extracting the sensible heat. 
The other medium that is heated is the return air. 
 3 to 4: A direct evaporative cooler drops the air’s temperature more and increas-
es its humidity ratio. The result of this process is the supply air. 
 4 to 5: This process is the random rise of the air’s temperature when it enters the 
conditioned area.  
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 5 to 6: The return air comes through another direct evaporative cooler. Its tem-
perature drops and its humidity ratio increases.  
 6 to 7: The return air is heated (same humidity) in a heat exchanger with the aid 
of the dry air.  
 7 to 8: A heat source, e.g. a natural gas boiler or a solar collector, warm more the 
return air (same humidity). 
 8 to 9: This hot air regenerates the desiccant wheel extracting the moisture. The 
temperature drops and humidity ratio is increased (Pennington, 1955).  
 
Figure 2.14: The Pennigton cycle (Pennigton, 1955 and La et al., 2009). 
 
Figure 2.15: The psychometric diagram of the Pennigton cycle (Pennigton, 1955, La et al., 
2009). 
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In the previous described processes the regeneration air is the air from the room and the 
highest COP that has been achieved is 1.4 (Crolmes and Epstein 1982). Alternatively, 
ambient air could be used for the regeneration (figures 2.16 and 2.17). It should be not-
ed that, the thermal coefficient of performance (COP) and the specific cooling capacity 
would be decreased in comparison with the standard ventilation cycle due to the fact 
that both the humidity ratio and temperature of ambient air are usually higher than that 
of return air (La et al. 2009). 
 
Figure 2.16: The Pennington cycle with use of ambient air for the regeneration (La et al. 2009) 
 
Figure 2.17: The psychometric diagram of the Pennington cycle with use of ambient air for the 
regeneration (La et al., 2009). 
Instead of using ambient air as process air, return air could be utilized in order to in-
crease the cooling capacity. The thermal COP of this cycle is no more than 0.8. The 
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main disadvantage of the recirculation cycle is the lack of fresh air (figures 2.18 and 
2.19) (Waugaman et al. 1993).  
 
Figure 2.18: The recirculation cycle (Waugaman et al. 1993, La et al. 2009) 
 
Figure 2.19: The psychometric diagram of the recirculation cycle (Waugaman et al. 1993, La et 
al. 2009). 
Another cycle proposed by Dunkle combines the ventilation cycle and the recirculation 
cycle trying to combine the benefits of the two systems with the help of an additional 
heat exchanger (figures 2.20 and 2.21). This cycle has the drawback of the lack of fresh 
air if the percentage of use of recirculation air is high (Dunkle 1965). It is obvious that 
fresh air provides comfort and health for the occupants and but also it adds an additional 
load to the system because this ambient air should be heated. Therefore, a compromise 
should exist between the quantity of fresh air needed and the energy performance of the 
system.  
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Figure 2.20: The Dunkle desiccant system (Dunkle 1965, La et al., 2009). 
 
Figure 2.21: The psychometric diagram of the Dunkle desiccant system (Dunkle 1965, La et 
al., 2009). 
In order obtain a sufficient dehumidification capacity it is necessary to overpass the 
need for high regeneration temperature. This can be succeeded through the theoretical 
isothermal dehumidification. The idea is that when the air flows alternatively over infi-
nite desiccant wheels and intercoolers, its thermodynamics procedure would be close to 
isothermal. A step towards the isothermal dehumidification is the use of two desiccant 
wheels instead of one. Such research was conducted by Meckler, by Henning. An appli-
cation of that was developed by Gershon Meckler Associates,P.C. (Meckler 1989, Hen-
ning 2007, Hofker et al. 2001). Under design conditions, the thermal COP of this sys-
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tem was 0.89. Other studies that discussed the two stage desiccant cooling systems were 
by Mei et al.1992 and Zhang and Niu 1999 (Mei et al.1992, Zhang and Niu 1999). Ge et 
al. have developed the two-stage rotary desiccant cooling (TSDC) system using two 
desiccant wheels and one-rotor two-stage rotary desiccant cooling (OTSDC) system 
based on one wheel. The OTSDC utilizes one desiccant wheel divided into four parts 
two for the process air and two for the regeneration air. The two stage desiccant cooling 
systems is described in figures 2.22 and 2.23. Under summer conditions, the results 
have indicated that the TSRDC can provide satisfied supply air when regeneration tem-
perature is not lower than 60 
O
C. The thermal COP can be equal to 1.16 at 60 
O
C (Ge et 
al 2008 and 2009).  
 
Figure 2.22: The two stage desiccant cooling system (La et al. 2009, Ge et al 2008) 
 
Figure 2.23: The psychometric diagram of the two stage desiccant cooling system (La et al. 
2009, Ge et al 2008). 
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2.3.3 Research and applications of desiccant systems. 
The desiccant air conditioning systems can be powered by low grade heat sources, such 
as solar heating, heat supplied from a combined heat and power (CHP) plant, waste heat 
and bioenergy. The desiccant systems can be integrated with other cooling systems such 
as VAC unit, absorption and adsorption chillers, chilled-ceilings etc. (Wang et al. 2009, 
La et al. 2010). Generally, the solar collectors reach temperatures within the range of 
45–90 OC and this can be used efficiently by the desiccant wheel (Sabatelli et al. 2005). 
Therefore, a solar driven system integrated with a desiccant system could be energy ef-
ficient. The following examples are the implementation of this idea. 
One of the most well-known prototypes of solar driven liquid desiccant system for cool-
ing air conditioning is the system developed by Gommed and Grossman. It has a capaci-
ty of dehumidification of 16 kW with 20 m
2
 solar collector area. The thermal COP is 
about 0.8 (Gommed and Grossman 2007). Li et al have built a liquid desiccant cooling 
system driven by waste heat of heat (Li et al. 2005). Another development of a hybrid 
liquid desiccant cooling system driven by waste heat is accomplished by Liu et al. The 
average COP of the desiccant system is about 1.0 (Liu et al. 2006). Finally, a two-stage 
solar liquid desiccant (LiCl) cooling system assisted by CaCl2 solution has been de-
signed in China (La et al. 2010). 
A typical solar desiccant wheel cooling system was installed in German. Solar air col-
lector was used as the only heat source with an area of 100 m
2
. A silica gel rotor with 
air flow was utilized (Henning, 2007). Another example of solar desiccant air condition-
ing takes place in China, an air solar collector integrated with a desiccant wheel evapo-
rative cooling system. In a residential application, a desiccant cooling system has been 
developed in Canada (National Research Council Canada, 2008). An application of a 
two stage desiccant wheel is demonstrated in China (Wang et al. 2009).  
Furthermore, in southern Europe, several applications have taken place. An installed 
solar desiccant air conditioning system in Portugal utilizes 75 m
2
 of compound parabol-
ic collectors with thermal COP of almost 0.8. Moreover, a solar desiccant cooling sys-
tem has been installed at the University of Palermo in Italy with thermal COP of 0.86. 
Finally, a hybrid photovoltaic PV/T collector-based solar desiccant cooling system has 
been implemented recently in Italy. The system consists of hybrid PV-thermal collec-
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tors, a gas powered CHP trigeneration system, a reversible heat pump and a desiccant 
wheel dehumidification plant, connected to the electric grid and the air conditioning 
plant of the building (Butera et al 2007, La et al. 2010). 
2.3.4 General advantages and drawbacks of desiccant systems. 
These systems can be applied when controlled air humidity and temperature is needed 
because they provide high quality indoor air. Furthermore, the air humidity and the 
temperature are controlled independently and therefore better management of the hu-
midity is achieved. Moreover, these systems provide high air quality because condensa-
tion on cooling coils and in drip pans is eliminated, mold, mildew, and bacteria do not 
grow (Perasan et al. 1992). 
Due to the fact that the humidity levels are lower, comfort is succeed in higher indoor 
temperature. This can lead to energy savings because the temperature set-points can be 
raised. They are used with low temperature heat sources such as a solar collector be-
cause they can utilize the small temperature differences. Additionally, they operate at 
ambient pressure. The air and the desiccant are in direct contact and therefore the heat 
transfer is direct with fewer losses Another advantage is that the regeneration air may be 
heated directly in air heating collectors, or indirectly using water as a heat-carrying me-
dium (Grossman 2001). 
More generally, these systems replace the conventional air-conditioning and therefore 
they help in the reduction of the cooling load on the electric utilities and the environ-
ment. This has a direct connection to energy saving. Another important advantage is the 
possible use of different heat sources e.g. natural gas, solar or waste heat. Furthermore, 
the desiccant systems have a variety of applications and therefore they can alter opti-
mally for each particular case. Finally, the replacement of the conventional vapor com-
pression (VC) system leads to a CFC-free cooling effect (Perasan et al. 1992, Balaras et 
al. 2005). 
Especially, for the liquid desiccant systems have several advantages such as the ability 
to pump and filter the desiccant. Due to the fact that it can easily be stored, it could be 
used as an energy-storage as a highly concentrated hygroscopic solution. With this form 
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it could be used whenever needed. An advantage of the solid desiccants is the higher 
degree of dehumidification compared to the liquid desiccant systems. 
Although designed desiccant systems have economic and energy saving returns, the 
complicated implementation of these systems creates difficulties in extensive use. Two 
main drawbacks is the still existing high initial costs and the low COP because of inher-
ently inefficient regeneration. Furthermore, the lack of experience among designers and 
planners and the necessity for maintenance of the added desiccant equipment puts set-
backs to the growth of these systems.  
Technical issues are firstly the need for relatively large pumped air volumes and there-
fore potentially high parasitic losses and secondly a possible contamination of the des-
iccant by dirt and dust contained in the air may require its replacement after some peri-
od of operation and requires filters in the air inlet. 
The major problems of the liquid desiccant cooling systems are the corrosion caused by 
inorganic salts and the contact of the liquid desiccant with the ambient air. Materials 
chosen for the components should be based on plastics in order to solve the corrosive 
problem. Demisters or filters are taken on to prevent the carryover of the liquid desic-
cant (Wang et al 2010).  
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3. Analysis of the followed 
methodology. 
This part of the dissertation describes the methodology in detail. First, the simulation 
program TRNSYS (Transient System Simulation Program) that will be used is de-
scribed. Afterwards, the required input data and the description of the systems will be 
given. The weather conditions of the studied areas and the description of the analyzed 
building are also included in this chapter.  
3.1 Description of TRNSYS. 
TRNSYS is a quasi-steady simulation model. This program was developed by the 
members of the Solar Energy Laboratory in the University of Wisconsin-Madison. It 
uses the ANSII standard Fortran-77. The program includes model subsystem compo-
nents that are described by subroutines. The mathematical models for the subsystem 
components are given initially with their ordinary differential or algebraic equations. 
TRNSYS has the capability of interconnecting system components in any desired man-
ner, solving differential equations and facilitating information output. Therefore, the 
entire problem of system simulation is transformed to a problem of identifying all the 
components that comprise the particular system and formulating a general mathematical 
description of each. Indicatively, as it is mentioned in the TRNSYS manual, it is used 
by engineers and researchers to validate new energy concepts, from simple domestic hot 
water systems to the design and simulation of buildings and their equipment, including 
control strategies, alternative energy systems (wind, solar, photovoltaic, hydrogen sys-
tems) etc (Klein et al. 2006). 
3.2 Description of the required data. 
This section refers to the input data that are needed for the systems. These include the 
meteorological data and the data of the building to be studied. 
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3.2.1  Meteorological statistics. 
This section describes the meteorological data of the chosen areas. The exact input of 
the meteorological data in the simulation is described in section 3.2.2. The four cities 
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Figure 3.1: The average daily global horizontal radiation for four cities in Greece.  
As showed in figures 3.1 and 3.2 the average solar radiation in all the studied areas is 
much higher in the summer. Both daily and hourly radiations have similar behavior 
throughout the year. The highest values are observed in Athens. The second higher in 
Andravida, next is Kastoria and finally is Thessaloniki. Although the last two are in the 
same latitude Thessaloniki meets less radiation probably due to higher diffusion of the 
photons because of local humidity or pollution. It should be noted that the hourly aver-
age radiation is referred to the 24 hr and not only in the daylight in order to compare the 
radiation throughout the whole year. In general, the solar radiation monitored in Greece 
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is considered high enough and in a quite long period for the study of utilization of solar 
systems. 
 
Figure 3.2: The average hourly global horizontal radiation for four cities in Greece.  
The climate in Greece is mainly Mediterranean with local variations. As seen in figures 
3.3 and 3.4. The highest temperatures during summer are observed in Athens whereas 
the lowest temperatures during the year are observed in Kastoria. The highest observed 
hourly temperature was 37.9 
O
C in Athens whereas the lowest was -10
O
C in Kastoria. 
July and August are the hottest months and December and January are the coldest in all 
the cities. 
 
Figure 3.3: The average daily temperatures for four cities in Greece.  
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The variation of the average hourly temperatures per month is between 9 and 27 
O
C for 
Athens, 10 and 26
 O
C for Andravida, for 5 and 27 
O
C Thessaloniki and finally between 
1 and 22 
O
C for Kastoria. 
Additionally to the above, regarding the relative humidity, it can be observed that the 
average values are high. As it is showed in figures 3.5 and 3.6, the average daily relative 
humidity is between 45% and 80% in all the cities during the year. The highest values 
were measured in Andravida whereas the lowest in Athens. As expected the highest 
values were measured during winter whereas the lowest during summer. Temperature 
and humidity are observed to be inversely proportional during the year. 
 
Figure 3.4: The average hourly temperatures for four cities in Greece.  
 
Figure 3.5: The average daily relative humidity for four cities in Greece.  
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In figures 3.7 and 3.8 the average daily and hourly wind speeds are demonstrated re-
spectively. Athens has the highest average wind speed during the whole year and this 
may be one of the reasons the relative humidity is relatively low in this city.  
 
Figure 3.6: The average hourly relative humidity for four cities in Greece. 
 
Figure 3.7: The average daily wind speed for four cities in Greece. 
The highest hourly average wind speeds took place during February (6.69 m/sec ) and 
October (6.20 m/sec). In Thessaloniki the higher average wind speed was observed in 
July (hourly value equal to 3.39 m/sec) whereas in Andravida it occurred during No-




Figure 3.8: The average hourly wind speed for four cities in Greece. 
3.2.2 Description of the building and initial data.  
The building is a 5-floor office building of 500 m
2
 per floor. The floors are the same 
therefore, one typical floor is simulated. The design plan of one floor and its dimensions 
are showed in figure 3.1.  
 
Figure 3.9: The architecture plan of each floor of the studied building. 
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The individual spaces are the left offices assumed as one thermal zone with area of 
212.37 m
2
. Similar is the thermal zone 2 to the right. In the middle there are the area of 
the elevator, the 3 corridors that lead to the offices and the stairs with total area of 75.25 
m
2
. These areas are assumed to be unconditioned, thus no heating or cooling is needed. 
In order to simulate the building in TRNSYS, the building project for multi-zone is cho-
sen. 
The first step is to define the three thermal zones. The height of all the floors is the same 
for all the zones and equal to 3.5 m. The project assumes that each thermal zone is rec-
tangular. Therefore it was chosen that the thermal zones 1 and 2 have a width of 10.61 
m
2
 and depth 20 m. Each has a volume of 743.31 m
3
. Moreover, the unconditioned 
space has a width of 3.76 m
2
 and depth 20 m
2 
with a total volume of 263.37 m
3
. The to-
tal volume of each floor is 1750 m
3
.  
The next step is the definition of the building orientation and size of windows. The ori-
entation of the building is pure north-south with azimuth 0 deg and the east and west 
sides are adjacent to other conditioned buildings. The building’s windows have dimen-
sion of 1.5 by 1.5 m (area of 2.25 m
2
). As it is demonstrated in the architecture plan 
(figure 3.1) there are 8 windows in the north side, four in each thermal zone. Addition-
ally, there are the same windows in the south side with an extra window on the external 
wall of the stairs. The area of the external walls of both the north and south side is 
87.5m
2
. The area of the windows in the north is 18 m
2
. The percentage of windows on 
the total external wall is 20.57 % for the north wall and 23.15 % for the south wall. 
The location of the building is chosen in this step too. An external file *.tm2 is used. 
This file is extracted from Meteonorm, the weather database. The file includes the glob-
al horizontal radiation (Wh/m
2
), the direct normal radiation (Wh/m
2
), the diffuse hori-
zontal radiation(Wh/m
2
) , the dry bulb temperature (1/10 
O
C), the dew point temperature 
(1/10 
O
C), the relative humidity (%), the atmospheric pressure (mbar), the wind direc-
tion (deg) and wind speed (1/10 m/sec) and finally the precipitable water (mm). 
In addition to the above, the infiltration and ventilation rates should be included in the 
multi-zone building application. According to the technical guideline from the Greek 
Ministry of Environment for the calculation of the energy efficiency in buildings 






. The total area of all the windows of all the zones is 38.25 m
2
 and the total vol-
ume of the floor 1750 m
3
. Therefore the calculated leakage rate is 0.15 1/h (TOTEE 
2012). 
The whole building has mechanical ventilation as directed from TOTEE. Following 
TOTEE, each floor is occupied by 42 persons due to the fact that the total conditioned 
area is 424.25 m
2
. An area of 10 m
2
 corresponds to one person. Moreover, the needed 
ventilation per person is equal to 30 m
3
/h. The total ventilation needed is 1260 m
3
/h. If 
it is divided to the total volume, the rate of ventilation for an occupied area is 0.72. For 
unoccupied areas the ventilation rate is 0 because the mechanical ventilation is closed. 
There is only the leakage rate (TOTEE 2012).  
Furthermore, the humidity for office buildings is set to 35 % for the heating period and 
45 % for cooling period. The set points should be 20 and 26
 O
C for the heating and the 
cooling period respectively (TOTEE 2012). For the heating of the building there is no 
radiative percentage of heating because no radiators will be used. The set temperatures 
at day and night time are 20 and 15 
O
C respectively. Both the specific heating and cool-
ing power are chosen equal to the default values, thus 100 W/m
2
. The cooling is de-
pendent on the ambient temperature.  
The internal gains due to the occupants are 80 W/occupant thus the total gains are 3360 
W/floor. This value divided to the whole area of the floor (500 m
2
) gives the specific 
internal gains from occupants. These are equal to 6.72 W/m
2
. The gains from the devic-
es in an office building are 15 W/m
2
. Therefore, the total internal gains are 21.72 W/m
2
. 
For the lighting, the default values are chosen, thus the lights should be on if the total 
horizontal radiation is less than 200 W/m
2
 and vice versa.  
Furthermore, the shading of the building in the south occurs because of an existing 
overhang. The windows are in 1 m height from the floor and their width as mentioned 
before is 1.5 m. Some other dimensions needed for the overhang is the depth 1 m, the 
edging width of the overhang left and right of the window, both equal to 1.3 m, and the 
distance between the overhang and the top of the window, 1 m. there is no movable 
shading on the south side. For the remaining sides, there is no shading at all. 
All the above described steps were followed in order that the simulation program would 
create an initial building project. As it can be observed in the architecture plan (figure 
3.9) initially the real dimensions were not used in the initial setup of the simulation. Af-
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ter the creation of the building project by the software the dimensions of the zones will 
be changed with the exact ones in order that the real heat transfer will be calculated be-
tween the zones and the environment. Moreover, the internal temperatures and humidi-
ty, the mechanical ventilation and the internal gains will be modified because the build-
ing project will use external values in order to calculate the energy balance in the ther-
mal zones. 
3.2.3 Analysis of the building’s component and final data.  
One part of the software of TRNSYS simulates the building. The component that simu-
lates a building is type56. According to the TRNSYS manual this component models 
the thermal behavior of a building with several thermal zones (Klein et al. 2006). The 
external files created by the component are used by the preprocessor program called 
TRNBuild (in v 16.0). In TRNBuild the user can modify all the building’s elements ac-
cording to his/her choice. 
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external 36.75 9 North






nternal floor 212.38  
Table 3.1: The areas of the surfaces and the windows for the 3 thermal zones of the 
building. 
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Firstly, the real areas of the walls have been incorporated in the building. These areas 
are included in table 3.1. Moreover, the layers of the walls had to be decided. The con-
ductivity, density and capacity of each of the elements used for the walls are demon-
strated in table 3.2 elements of the walls.  
According to TOTEE, the external walls and the walls attached to unconditioned spaces 
should have a U-value less than 0.7 W/m
2
K for the climatic zone 3 (TOTEE 2012). The 
U-values has been chosen for the external walls equal to 0.34 W/m
2
K with thickness 
0.355 m and for the internal walls equal to 0.65 W/m
2
K with a thickness of 0.074 m. 
The studied office is assumed to have conditioned space both in the above and below 
level, therefore no thermal transfer between the floors. Therefore the floor of office is 
assumed internal with a U-value of 0.82 W/m
2
K and thickness 0.255 m. The U-values 
of the walls are dependent on the thermal resistance and the thickness of each element. 









brick 3.2 1 1800
concrete 7.56 0.8 2400
floor 0.252 1 800
gypsum 0.756 1 1200
insulation 0.144 0.8 40
plaster 5 1 2000
silence 0.18 1.44 80  
Table 3.2: Properties of the wall layers of the building. 
thickness in m External wallInternal wallInternal floor
brick 0.24 - -
concrete - - 0.2
floor - - 0.005
gypsum - 0.012 -
insulation 0.1 0.05 -
plaster 0.015 0.012 0.02
silence - - 0.04  
Table 3.3: The layers of each surface of the building and the elements’ thickness in m. 
The solar absorptance of the surfaces (table 3.4) affects the solar thermal transfer 
through the walls. The values are the default from the TRNBuild. In the same table the 
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coefficient of the heat transfer through convection is demonstrated both for the inside 
and the outside of the wall. The values are equal to the default ones, too.  
External wall Internal wall Internal floor
solar absorptance of the wall 
(outside)
0.75 0.6 0.8
solar absorptance of the wall 
(inside)
0.3 0.6 0.4
convective heat tranfer 




convective heat tranfer 





Table 3.4: The front and back solar absorptance and convective heat transfer coefficient of each 
surface of the building. 
The next step is the input of the windows’ data. The exact areas of the windows are 
demonstrated in table 3.1. The calculated, input areas of the windows are given in table 
3.5. The U-value of the windows is equal to 2.83 W/m
2
K. More analytically, the win-
dows, as already mentioned, are insulated, double-glazed with PVC frame. The glass is 
85% of the total window area whereas the frame 15%. The additional thermal resistance 
of the windows is zero and the reflection coefficient of internal device is 0.5 towards the 
window and the zone. Moreover, the fraction of the absorptive solar radiation to zone 
air node (CCISHADE) is equal to 0.5. Finally, the convective heat transfer coefficient 
of both the glazing and the frame is 11 kJ/hm
2
K for the inside and 64 kJ/hm
2
K for the 
outside of the window respectively.  
The leakage, as mentioned before is equal to 0.15 1/h for all the thermal zones. Regard-
ing the internal gains, as mentioned in the previous chapter, they are decided according 
to TOTEE. The values of the gains from the persons, the devices and the lights were 
input again because of the schedule of the office. More analytical, the hours of the use 
of the building are from 8 o’clock until 6 o’clock in the afternoon (10 h). Moreover, the 
office is not utilized during weekends. Therefore the internal gains are multiplied with a 
coefficient of use. This last parameter is defined in the schedule manager. 1 is used for 
the hours of use of the office and 0 the opposite. Therefore, the gains occur whenever 
people utilize the building.  
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The thermal zones A1 and C1 gain heat from the persons, the devices and the lights 
whereas the thermal zone B1 only by the lights. Consequently, the internal gains for 
each zone (A1 and C1) are 1600 W times the use, 1400 W times the use from computers 
and 5 W/m
2
 times the use for zones A1, B1 and C1. It should also be noted that the 
heating and cooling managers of the type56 are off because the internal temperatures of 
the zones will be controlled from the externally designed HVAC. Finally, the comfort 
and humidity managers are not utilized.  
3.2.4 Description of the building’s external inputs.  
As mentioned before the meteorological data are necessary for the simulation of the 
building energy balance. The simple building process has created an initial system for 
the importer of all the external data related to the weather, the radiation and the shading. 
All these factors affect directly the building’s performance. The applied components are 
showed in figure 3.10. 
 
Figure 3.10: The simple building system in TRNSYS.  
The systems consists of the weather data file, the radiation calculations, the psychomet-
rics diagram, the sky temperatures the shading and all these are imported in the building 
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component. Firstly, the component simulating the weather data is Type109. Its parame-
ters are the data reader mode equal to 2, the logical unit equal to 30 the sky model for 
diffuse radiation equal to 4 and finally the tracking mode equal to 1. Furthermore, the 
connections between the weather data and the sky temperature, the psychometrics dia-
gram and the calculation of the radiation components are showed in table A.1 of the ap-
pendix. The radiation calculations are described by the equations 1 to 18 in the appen-
dix. 
Regarding the psychrometrics component (Type33) according to TRNSYS it takes as 
input the dry bulb temperature and relative humidity of moist air and calls the TRNSYS 
psychrometrics routine, returning the moist air properties: dry bulb temperature such as 
the dew point temperature, the wet bulb temperature, the relative humidity, the absolute 
humidity ratio and the enthalpy. The parameters of the Type33 are psychrometrics mode 
equal to 2 and wet bulb temperature and error mode both equal to 1. 
As for the sky temperatures (Type69), it determines an effective sky temperature, which 
is used to calculate the long-wave radiation exchange between an arbitrary external sur-
face and the atmosphere. The effective sky temperature is always lower than the current 
ambient temperature. This particular used Type69 supply the cloudiness of the sky 
through a calculation based on user provided dry bulb and dew point temperatures 
(Klein et al. 2006). The parameters of type69 are both 0 (the mode for cloudiness factor 
and the height over sea level). The connection among the Psychrometrics, the sky tem-
peratures and the building are showed in table A.2 of the appendix.  
The outputs of the radiation calculations component is connected with the wing wall 
(South), the fixed shading calculation and the building. The connections are listed in 
table A.3 of the appendix. Moreover, the fixed shading inputs 1, 2, 3, 4, 5 and 6 are 
equal to the outputs IT_S_SHD, IB_S_SHD, AI_S_SHD, IT_H_SHD, IB_H_SHD, 
AI_H_SHD respectively.  
The component simulating the wing wall (Type34) computes the solar radiation on a 
vertical receiver shaded by an overhang and/or wing wall. A shaded receiver may in-
clude left and/or right hand wing walls that extend above and/or below the receiver. The 
receiver may also include an overhang that can be placed at the top or above the receiv-
er. The overhang may extend to the right and left of the receiver. Type34 performs its 
own calculation of incident diffuse radiation assuming an isotropic sky model. The inci-
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dent receiver radiation and the beam radiation on receiver of the Type34 are connected 
with the inputs 1 and 2 of the fixed shading respectively. The ground reflectance is as-
sumed 0.2. All the dimensions of the wing wall described in Section 3.2.2 are included 
in the parameters of the Type34. The final connections are between the fixed shading 
calculation and the inputs of the building. The outputs IT_S_SHD, IB_S_SHD, 
AI_S_SHD are respectively joined to the IT_SHADSOUTH, IB_SHADSOUTH and 
AI_SHADSOUTH inputs. 
Additionally to the above, the parameters of the Type56 (building) should be men-
tioned. These are the logical unit for the building description file equal to 31, the star 
network calculation switch equal to 1 and the weighting factor for operative temperature 
equal to 0.5. 
3.2.5 Description of the building’s HVAC.  
The second part of the system simulating in TRNSYS is the heating, cooling and venti-
lation system. The whole system is presented in figure 3.11. According to TOTTE the 
system used for commercial buildings is mechanical ventilation for fresh air and heating 
or cooling. Therefore, there is no need for natural ventilation and the used medium is 
the air. The modules of this scheme are divided in 3 categories, the parts of the HVAC, 
the controllers of the systems and the electricity loads. All these and their respective 
simulating types are listed in table 3.5 (TOTEE 2012).  
Firstly, similar to the building’s system, the components for the input of the meteorolog-
ical data is set in the system (Type109) and the psychrometrics diagram (Type33) and 
the radiation calculations are set in the deck. Their connections are described in section 
3.2.4.  
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Figure 3.11: The HVAC systems of the building. 
Parts of the system Module
PV/T Type50
Air diverting Valve Type646 (TESS)
Furnace Type682 (TESS)
Desiccant wheel Type643 (TESS)
Heat wheel Type760 (TESS)
Humidifier Type641 (TESS)




Season control Type518 (TESS)
Thermostat Type108 (TESS)
Week control Type516 (TESS) 
Table 3.5: Components and controllers and their respective modules on TRNSYS. 
3.2.5.1 HVAC components and their connections.  
In addition the first part of the systems is the PV/T module. This Type50 is a combina-
tion of the TRNSYS Type1 (solar flat-plate collector) and a PV module. The particular 
Type assumes that the thermal loss coefficient of the collector is calculated as a function 
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of the operating temperatures, wind speed and collector construction details (Klein et al. 
2006).  
The parameters of the PV/T component are presented in figure 3.12. The chosen PV/T 
area is decided according to the proportional space on the roof of the building if it is 
consisted of 5 floors. The collector plate absorptance is set equal to 0.85 (Cox and 
Raghuraman 1985, Sharhaddi et al. 2010). The collector slope is equal to 30 degrees for 
the area of Thessaloniki and 27, 27, and 30 degrees for Athens, Andravida and Kastoria 
respectively (TOTEE 2012). The rest of the parameters are the default ones. Regarding 
the connections of the PV/T, they are demonstrated in table A.4 of the appendix. One 
input that is not connected is the flow rate of the PV/T. After numerous trials, it was 
chosen equal to 3000 kg/h. this quantity of air provides the building with more than 
enough fresh air and enough heating and cooling capacity. 
 
Figure 3.12: The decided parameters of the PV/T module in TRNSYS. 
The conditioning system is diverted in three air flows regarding the use of the heated air 
from the PV/T. The first is the inflow of the PV/T air directly to the building without 
the need for extra heating or cooling from the auxiliary devices, the second is the diver-
sion of the flow into the furnace if the temperature from the air is lower than the needed 
and the third is the inflow to the desiccant wheel if cooling is needed. The diversion is 
controlled by a thermostat (section 3.2.5.2). This is achieved with the help of a diverting 
valve after the PV/T component. This module is the Type646 from TESS. Its parame-
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ters are the humidity mode equal to 1 (thus the humidity ratio is used) and the number 
of outlet ports equal to 3. The connections of the diverter valve are showed in table A.5 
of the appendix. 
Regarding the furnace, it is represented by Type643. It is an air heating device that can 
be controlled either externally, or set to automatically try and attain a set point tempera-
ture. The furnace is bound by a heating capacity and efficiency. Thermal losses from the 
furnace are based on the average air temperature. The outlet state of the air is deter-
mined by an enthalpy based energy balance that takes pressure effects into account 
(Klein et al 2006).  
The parameters of the furnace are the humidity mode equal to 1 and the surface area 
equal to the default number (1 m
2
). The heating capacity is decided equal to 87000 kJ/hr 
and the efficiency of the furnace is chosen equal to 0.9 for natural gas boiler and 0.85 
for oil boiler. Athens and Thessaloniki are connected to the natural gas pipeline, where-
as Andravida and Kastoria not (TOTEE 2012). Moreover the setpoint temperature is 
chosen equal to 33 
O
C for Thessaloniki and Kastoria. For Athens and Andravida the 
setpoint was chosen equal to 30 
O
C. The connections of the furnace are showed in table 
A.5.  
The third outlet of the diverting valve (Type646) is guided to the desiccant wheel 
(Type683). This component models a rotary desiccant dehumidifier containing nominal 
silica gel and whose performance is based on equations for F1-F2 potentials developed 
by Jurinak (Jurinak 1982). The model determines the regeneration temperature at ambi-
ent humidity ratio which will dehumidify exactly to the supply humidity ratio. The pro-
cess stream outlet temperature is also determined. The effectiveness F1 and F2 are equal 
to 0.08 and 0.95 respectively. These are the optimal values for the wheel. The PV/T 
component does not provide the outlet humidity ratio therefore the regeneration air hu-
midity ratio is chosen equal to 0.0135 obtained by Beccali et al (Beccali et al. 2009). 
The connections of the dehumidifier are presented in tables A.6 and A.7 of the appen-
dix.  
The air to air sensible heat exchanger (Type760) is composed of two streams of air. En-
ergy transfer occurs between them, but not mass transfer of moisture. It models a heat 
exchanger using a constant effectiveness – minimum capacitance method. Moreover, it 
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can be used to model a cross flow, counter flow or parallel flow device. This component 
is chosen in order to have a heat recovery from the building and therefore an energy 
saving (Beccali et al. 2009). The parameters of the heat wheel are the humidity mode 
equal to 1, the rated power equal to the default (671.1 kJ/hr) and the control mode equal 
to 0. The connections of the heat wheel are demonstrated in table A.6 of the appendix.  
As described in chapter 2.2 where the desiccant cycles were analyzed, after the heat ex-
changer, direct or indirect evaporative coolers are connected. In order to achieve a sig-
nificant percentage of energy saving, the evaporative cooler is replaced by the combina-
tion of a humidifier and a cooling coil. This desiccant cycle is used in the Solair projects 
of Mataro, Lisbon, and Freiburg (Beccali et al. 2009, Solair 2012).  
The next module after the heat exchanger is a humidifier. The component used is the 
Type641. This model represents a simple adiabatic humidifier whose outlet air state is 
determined by an energy balance. Thermal losses from the humidifier are neglected. 
The model allows for the humidifier not to respond immediately to the control signal 
but to reach its steady state moisture gain rate exponentially. The parameters are the 
humidity mode equal to 1, the steady-state moisture rate equal to 1 kg/hr and the outlet 
water temperature factor equal to 1. The connections of the humidifier are showed in 
tables A.6 and A.7. 
After the humidifier, as it is mentioned before, follows the cooling coil. It is simulated 
by the Type752. In the cooling coil where the air is cooled as it passes across a coil con-
taining a cooler fluid (typically water or a refrigerant). This model uses the bypass frac-
tion approach for cooling coils to solve for the outlet air conditions. The bypass factor 
approach assumes that a portion of the air stream comes to temperature equilibrium with 
the coil fluid and the other portion of the air stream (the bypass fraction) is thermally 
unaffected by the coil in the air stream. These two flows then mix to produce the outlet 
air condition. The particular type controls the outlet air temperature and outlet relative 
humidity (Klein et al.). The control mode is equal to 2 and the humidity mode equal to 
1. All the connections of the cooling coil are showed in table A.7 of the appendix.  
All the air flows are joined in the mixing valve. The use of this component is for 
controling which flow enters the building, in combination with the controllers. Some of 
the TRNSYS types do not include control signals; therefore, a flow control was needed. 
  -51- 
This is achieved with the mixing valve. The connections of the mixing valve are showed 
in tables A.5 and A.7 of the appendix. The next component is a dehumidifier. The 
type688 was used. After several trials, the relative humidity in the thermal zones in the 
office is very high; therefore, an extra dehumidifier controlling the air flow’s humidity 
was necessary. As it is showed in table A.7 of the appendix, the mixing valve sends the 
air flow through the dehumidifier to the building. This is a dehumidifier where the air-
stream is in contact with the evaporator coils and also in contact with the condenser 
coils. The final component is the fan (Type111) whose use is as a controller for the 
week schedule (more details in section 3.2.5.2). It sets the downstream flow rate based 
on its rated flow rate parameters and the current value of its control signal inputs.  
According to Beccali et al. and the Solair studies, the exhaust air flow is the outlet flow 
from the building. This method attains a heat recovery. The average temperatures and 
relative humidities are imported from Type56 (the building) and are input in the second 
humidifier (Type641). The humidifier is then connected with the exhaust air flow of the 
heat exchanger as seen in table A.6 of the appendix (Beccali et al. 2009, Solair 2012). 
3.2.5.2 Controllers and their connections.  
The designed HVAC system requires multiple controllers due to the multiple uses and 
the various schedules. The main utilized controllers are demonstrated in table 3.5. These 
are the season control (Type518), the thermostat (Type108), and the week control 
(Type515). The Type518 and type515 use plug-in applications in order to insert the 
monthly and daily values respectively. After several trials, as regards to the season con-
troller, the heating period was chosen from November to April whereas the cooling pe-
riod is from May to October for all the cases. In the plug-in application the months of 
the heating period had values equal to 1 whereas the rest equal to 0. Regarding this 
study and the week control, as it is already mentioned, the operating hours of the build-
ing are from 8 o’clock in the morning until 6 o’ clock in the afternoon. The workdays 
are from Monday to Friday.  It was decided that the conditioning system would start at 6 
o’clock in the morning in order to achieve the chosen indoor temperatures. The value 1 
in the plug-in application corresponds to the operating hours of the building whereas 0 
is for the rest of the time. All these are the outputs of the two controllers.  
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Concerning the thermostat, it is modeled to output five on/off control functions that can 
be used to control a system having a two stage heat source, an auxiliary heater, and a 
two-stage cooling system. The controller commands 1st stage cooling at moderately 
high room temperatures, second stage cooling at higher room temperatures, first stage 
heating at low room temperatures, second stage heating at lower room temperatures, 
and auxiliary heating at even lower room temperatures. There is the option to disable 
the first stage heating during second stage and auxiliary heating, disable second stage 
heating during auxiliary heating, and disable first stage cooling during second stage 
cooling (Klein et al 2006).  
In this particular case, the 3 stages of heating are used and one stage of cooling. The 
thermostat is chosen as follows. If the indoor temperature is lower than the 19 
O
C the 
furnace is set on (third stage heating setpoint), if the indoor temperature is between the 




(the second stage heating setpoint), the PV/T air is inserted in the 
building. Moreover, if the indoor temperature is between the 21 and 25 (first stage heat-
ing setpoint) ambient air is inserted in the building. Finally, the cooling systems start to 
function if the temperature of the building rises higher than 26 degrees. The temperature 
dead band (which models the hysteresis effects) is set equal to 0.5 deltaC. This parame-
ter is used to modify the heating and cooling set temperatures based on the state of this 
controller at the previous time step.  
Another input is the monitoring temperature. This is the temperature inside the building. 
There are two thermal zones that have different orientations, although their volume is 
the same. Consequently, the thermal needs of these thermal zones are different. The 
thermostat is decided to function with the lowest temperature of the two areas in the 
winter and the highest in the summer. Therefore, the heating or cooling needs will cover 
both cases of indoor temperatures. The exact control and input of the monitoring tem-
perature is showed with the equations (3.1), (3.2), (3.3), (3.4) and (3.5). TempA1 and 
tempC1 are the indoor temperatures of the thermal zones A1 and C1 respectively. 
Schedule is the input variable showing the season control as described previously. Ex-
plaining the equations, Temp1 is equal to tempA1 when crossing the heating period and 
equal to 0 when crossing the cooling period. Temp2 works similarly as showed in equa-
tion (3.2). Wint is the variable equal to the minimum of temp1 and temp2. Maxsummer 
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chooses the highest temperature between temp1 and temp2. Finally, the equation (3.5) 
sets Temp to the maximum between the wint and maxsummer variables.  
Temp1=abs (1-schedule)*tempA1 (3.1) 
Temp2=abs (1-schedule)*tempC1 (3.2) 
Wint=min (tempA1, tempC1) (3.3) 
Maxsummer=max (Temp1, Temp2) (3.4) 
Temp= max (Wint, Maxsummer) (3.5) 
Additionally to the above, some other calculations take place on the deck in order to se-
cure the proper function of the parts of the system. More analytically, in order to com-
bine the 3 different controllers (thermostat, season and week controllers) the equations 
(3.6) and (3.7) were needed. The connections of the variables are demonstrated in table 
A.8 of the appendix.  
Heater=timecontrol*heatcontrol*coolperiod (3.6) 
Cooler= coolcontrol*timecontrol*abs (1-coolperiod) (3.7) 
The variable “Heater” is the control signal for the heating devices to start operating. It 
has been used as a control signal for the furnace. The cooler control has been utilized as 
a control signal to the desiccant wheel, the heat wheel and the cooling coil. These con-
trollers not only control the air flows to the building but also the power consumption of 
all the devices which are turned on whenever needed. Consequently, an energy reduc-
tion is achieved.  
Additionally, the thermostat control signals have been used as the flow fraction to the 3 
outlets of the diverting valve. The connections are showed in table A.9 of the appendix. 
This is one of the controls of the air flows before the insertion of the air to the heating or 
cooling systems. Another control of the airflow takes places before the building and af-
ter the HVAC system. This occurs with the control airflow. The equations of the control 
airflow are the (3.8), (3.9), (3.10) and (3.12). All the control signals in the equation are 
multiplied with the total airflow to achieve the mass control. The control airflow drives 
the proper airflows into the mixing valve.  
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Another control point is the set temperature input of the furnace. The equation describ-
ing the control is the (3.8). It is decided to set the temperature equal to 33 
O
C when heat-
ing is needed; otherwise the setpoint is equal to 0. There is a final control of the flow 
before the building. This is achieved with the help of the fan. The only input used for 
the fan is the control signal in order to manage the week schedule in accordance with 
the inflow to the building. It should be noted that all the previous control steps where 
essential in order to secure completely the suitable operation of all the different systems 
of the HVAC. 
Flowambient= controlambient*3000*period (3.8). 
Flowheat= controlheat*3000 (3.9).  
Flowcool= controlcool*3000*abs (1-period) (3.10).  
Flowheat2=3000*controlheat2 (3.11). 
Setpoint=coolperiod*33 (or 30) (3.12). 
3.2.5.3 Electricity inputs and outputs.  
With the help of the TRNSYS software and with some calculations the produced and 
consumed electricity can be easily computed. The produced electricity is the electrical 
power output of the PV/T. Due to the fact that the electricity produced on the 
photovoltaics is d/c; an inverter is needed for the transformation of the d/c current to 
a/c. The inverter is simulated with the type48 of TRNSYS. Its efficiency was chosen 
equal to 0.95. The inputs of the inverter are the input power and the load power. The 
load power is calculated in the electricity demand component. 
The components of the systems and the parts of the building that utilize electricity and 
therefore consume a percentage of the produced electricity are showed in table 3.6. The 
equations that give the kJ/hr for the power consumers are from the (3.13), (3.14), (3.15) 
and (3.16). It also should be noted that the variable timeschedule is the control function 
of Type516, the hour controller.  
Analyzing the equations, the lighting consumes 13 kW/m
2
 of electricity. The consump-
tion is multiplied by the area of the whole office and the week schedule of the building 
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(equation 3.13). The devices are personal computers with a typical consumption of 
300W. Therefore for 20 units equation 3.14 gives the hourly consumption of the devices 
multiplied by the office use (variable- timeschedule). Furthermore, an important power 
load is for the function of the furnace. A typical value of electricity consumption of a 
furnace with thermal capacity of 55 kW is 0.18 kW (equation 3.15). All the loads are 
added for the calculation of the total electricity demand in equation 3.16. 
Lights=13*500*3.6*timeschedule (3.13). 
Devices= 300*20*3.6*timeschedule (3.14). 
Powerfunace=0.18*3600*heater (3.15). 
Tot_electr=heatwheel+humi1+humi2+devices+powerfurnace (3.16). 
Components Power consumption (kW)
Fan Variable (dependant on the airflow)








Table 3.6: The names and the power consumption of the electricity consumers in the system. 
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4. Results of the simulation 
and sensitivity analysis. 
In this particular chapter the results of the simulations are demonstrated. Analytically, 
the temperatures and humidities are showed and the energy outputs of the base case. 
The next chapters include two sensitivity analysis, the energy consumptions dependant 
on the collector’s areas and the packing factor. It should be noted that the packing factor 
is the proportion of photovoltaic cells to the entire area of the hybrid collector. A PF of 
100% means that photovoltaic cells coat the entire glazed area. Finally, the comparison 
between the system and the respective conventional systems simulated in TRNSYS is 
described. 
4.1 Calculated temperatures. 
There are different temperatures that are computed by the simulation. These are the in-
door temperatures of the thermal zones and the temperatures of the components of the 
heating and the cooling systems. Some of these values are showed and explained indica-
tively. 
4.1.1 Achieved indoor temperatures.  
The indoor temperatures that were achieved in the two thermal zones are showed in the 
figures 4.1, 4.2, 4.3 and 4.4 for the four cities in discuss. In all the 4 figures, the red line 
refers to the unconditioned area (B1), the blue line to the thermal zone A1, the purple 
line to the thermal zone C1 and the yellow line is the outdoor ambient temperatures. It is 
easily observed the weekly and daily schedules of the systems. These induce repetitive 
variations of the temperatures at the end of all the weeks. In general, it is monitored the 
temperature difference among the unconditioned area (B1) and the two thermal zones 
(A1 and C1). In the heating period, the indoor temperature of the zone B1 is much low-
er than the temperatures of the other 2 zones. This is rational because there is no heating 
in the corridors and stairs.  
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Figure 4.1: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Athens for the whole year. 
 
Figure 4.2: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Andravida for the whole year. 
More specifically, in figure 4.1 the temperatures of the zone A1 are almost the same 
with the zone C1. For both thermal zones, the lowest temperature for Athens (figure 
4.1) was 16 
O
C and only 8 out of 3130 values were under 17 
O
C when the system was 
turned on. The highest temperature for the thermal zones for this system was 29 
O
C and 
60 values where above the 27 
O
C. Moreover, in figures 4.1 and 4.2, the temperatures of 
the zone A1 are almost the same with whose of the zone C1 and therefore their lines 
coincide (the blue and the purple line). The lowest temperature for Andravida was 16
O
C 
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and only 8 out of 3130 values were under 17 
O
C when the system was turned on. Re-
garding the highest temperature it was equal to 28.5 
O
C and only 39 values were above 
27 
O
C at operating hours. 
 
Figure 4.3: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Thessaloniki for the whole year. 
 
Figure 4.4: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Kastoria for the whole year. 
Furthermore, in figure 4.3 the temperatures of zone A1 are a little different to those of 
zone C1 due to the temperature control (chapter 3) of the HVAC systems. The lowest 
temperature in zone A1 for Thessaloniki was 15 
O
C and 61 out of 3130 values were un-
der 17 
O
C when the system was turned on. The lowest temperature in zone C1 for Thes-
-60- 
saloniki was 14 
O
C and 158 out of 3130 values were under 17 
O
C at office hours. The 
highest temperature for the thermal zones for this system was 29 
O
C and 31 values 




Figure 4.5: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 




Figure 4.6: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Andravida for 4
th
 week.  
Regarding the area of Kastoria in figure 4.4, the temperatures of zone A1 are almost 
equal with the respective values of zones C1. The lowest temperature for Kastoria was 
14
O
C and 194 out of 3130 values were under 17 
O
C when the system was turned on. 
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Regarding the highest temperature, it was equal to 29 
O
C and only 18 values were above 
the 27 
O
C at operating hours. In figure 4.4 the purple and blue lines coincide again. 
 
Figure 4.7: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 




Figure 4.8: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Kastoria for the 4
th
 week. 
In figures 4.5, 4.6, 4.7 and 4.8 the indoor temperatures for Athens, Andravida, Thessa-
loniki and Kastoria are shown respectively. The 4
th
 week of the year has been chosen 
indicatively in order to show the variation of the temperatures in the heating period. The 
hours are from 673 to 840 for the fourth week. All the workdays the temperature rises at 
6 am when the heating systems starts and drops at the afternoon. 
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There are some reductions of the indoor temperatures during the operation hours. This 
could be explained by the fact that in the previous time-step the desired temperature has 
been achieved and the heating system was controlled to turn off. Thus, in the next time-
step the temperature is decreased. In figures 4.5, 4.6 and 4.8 the purple and blue lines of 
the two conditioned zones match. 
 
Figure 4.9: Indoor temperatures of the thermal zones and the ambient temperatures at the area of 
Athens for the 27
th
 week. 
At weekends the temperatures are low at all times because the system does not work. In 
the four figures, if the temperatures of the conditioned and unconditioned areas are 
compared, the temperature difference induced by the HVAC system can be seen. In 
general, the rise of the temperature at the daytime is caused by the solar and internal 
gains. These gains are more than the thermal losses, therefore the indoor temperature 
rises. Moreover, it should be considered that the thermal insulation of the building enve-
lope is better than the bounds set by TOTEE (TOTEE 2012) therefore the thermal losses 
are low. Although the ambient temperatures vary throughout the day the heating system 
covers the demand almost completely. The average temperatures during the office hours 
for the conditioned zones for the area Athens vary between the 20 and 23 
O
C. Moreover, 
for the values for Andravida the range is between 19 and 22
 O
C. Finally, for Thessaloni-
ki and Kastoria the ranges are 18 to 21 and 20 to 23 
O
C respectively. 
As for the cooling period, a typical week with high ambient temperatures is selected. 
This is the 27
th
 week from the 4537
th
 to the 4704
th
 hour. In the figures 4.9, 4.10, 4.11 
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and 4.12, this week of the year is demonstrated for the 4 cities. In figures 4.9, 4.10 and 
4.12 the purple (zone C1) and the blue line (zone A1) coincide because the 2 zones have 
similar temperature values.  
 
Figure 4.10: Indoor temperatures of the thermal zones and the ambient temperatures at the area 




Figure 4.11: Indoor temperatures of the thermal zones and the ambient temperatures at the area 
of Thessaloniki for the 27
th
 week. 
In it observed that the temperatures increase after the sunrise and when the HVAC is 
turned on the obtained indoor temperatures are lower compared to the ambient tempera-
tures. There is also an increase at the values of the indoor temperatures during the oper-
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ation hours. This could be explained by the fact that in the previous time-step the de-
sired temperature has been achieved and the cooling system was controlled by the ther-
mostat to turn off. Thus, in the next time-step the temperature is increased. 
At weekends, the temperatures are high at all times because the cooling system does not 
work. Moreover, they follow the same distribution to the ambient temperature. If the 
temperatures of the conditioned and unconditioned areas are compared, on Monday, 
Tuesday and Wednesday the unconditioned area has lower values. This could be ex-
plained by the solar gains that occur in these areas.  
In general, the rise of the temperature at the daytime is caused by the solar and internal 
gains. The unconditioned area is not affected much by the solar gains probably because 
there are no windows in the south and the room’s east and west sides are internal. As for 
the internal gains, only the lighting heats up the room to some degree. The produced 
cooling load by the desiccant wheel is enough to keep the temperatures in the condi-




Figure 4.12: Indoor temperatures of the thermal zones and the ambient temperatures at the area 
of Kastoria for the 27
th
 week. 
4.1.2 Average indoor temperatures per period. 
In this chapter the average temperatures of the thermal zones of the building are demon-
strated for the studied cases. The year is separated in heating (January to April and No-
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vember to December) and in cooling period (May to October). In figures 4.13 to 4.16 
the hourly average temperatures of the zones A1 and C1 are the same therefore their 
lines match respectively for the heating and cooling period. These values are presented 
in order to show the difference of the indoor temperatures between the heating and cool-
ing period. 
 
Figure 4.13: Average hourly indoor temperatures for the heating and cooling period per 
zones in Athens. 
 
Figure 4.14: Average hourly indoor temperatures for the heating and cooling period per 
zones in Andravida. 
In the 4 figures, the average temperatures of zone C1 are higher in the heating and lower 
in the cooling period compared to the temperatures of the conditioned zones. This varia-
tion indicates the temperature difference that the cooling system induces to the zones. 
For the heating period it can be observed that the average temperatures during the oper-
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ating hours are similar among the 3 thermal zones. This shows that the solar and mainly 
the internal gains heat up in a high level the office. 
 
Figure 4.15: Average hourly indoor temperatures for the heating and cooling period per 
zones in Thessaloniki. 
 
Figure 4.16: Average hourly indoor temperatures for the heating and cooling period per 
zones in Kastoria. 
For the four cities, Athens Andravida, Thessaloniki and Kastoria the simulated system 
induces temperatures between the 25 and 28 
O
C for the B1 zone and 21 to 26 
O
C for the 
zone A1 and C1 for the cooling period. As for the heating period, the temperatures for 
the 3 zones are between 18 and 20 
O
C. Finally, it should be noted the temperature dif-
ferences that occurs during day and night due to losses at night and gains at day. All 
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4.1.3 Temperatures of components. 
In this chapter the temperatures of 3 components of the HVAC system are examined. 
These are the outlet temperature of the air as it exits the PV/T, the air temperature at the 
exit of the furnace and finally the temperature of the cool airflow after the cooling coil. 
The indicative weeks for which results are presented are the 4
th
 and the 27
th
 week. In the 
figures 4.17 to 4.20 the red line indicates the PV/T outlet temperature, the blue the out-
let furnace temperature and the purple the cooling coil outlet temperature. 
 





 week, at the area of Athens and Andravida in figures 4.17 and 4.18 respective-
ly, the temperature of the PV/T outlet reaches almost 30 
O
C when the ambient air has a 
temperature 20 
O
C at most. The ambient temperature is equal to the temperature of the 
cooling coil because the coil is not in use. Furthermore, the furnace temperatures reach 
the chosen temperature from the TRNSYS component, which is equal to 30 
O
C. From 












When the furnace is not in need air from the PV/T enters the building and heats it up. If 
the outside temperature is not low enough, ambient air enters the building and simple 
ventilation occurs. In the weekends, the air from the furnace is equal to the air from the 
PV/T. The indoor temperature is not controlled and the mechanical ventilation is turned 
off. 
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For the areas of Thessaloniki and Kastoria the furnace temperature for the outlet was 
decided equal to 33 
O
C. These temperatures are achieved during the office hours when 
heat is needed. The cooling coil temperatures are equal to the ambient ones since it does 
not function. When the furnace is not in use (weekend and nights) and when there is no 
solar radiation (nighttime) the temperature of the three components is the same at all the 
figures 4.17 to 4.20.  
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For the summer operation of the system (27
th
 week) the temperature of the PV/T reach-
es 60 
O
C. These temperatures are respectively equal to the outlet air temperatures of the 
furnace since this device in turned off. Therefore, in figures 4.21 to 4.24, the red (PV/T) 
and blue line coincide. On the contrary; the cooling coil drops the air temperature equal 
to the chosen 0 
O
C for the workdays. It does not work in the weekends. On Monday, the 
cooling system has been used only for three hours in Athens but it was off in Andravida. 
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In Thessaloniki the cooling systems was roughly fully used during the working hours 
except in Monday. In Kastoria, though, with lower ambient temperatures, the coil 
turned on only a few hours at noon. Another point that should be mentioned is the PV/T 
temperatures. The highest temperatures in Thessaloniki and Kastoria were 56 and 52 
O
C 
respectively. A final observation is that on Tuesday and Sunday the temperatures of the 
PV/T are lower probable due to cloudy weather. This is supported by the fact that the 
sky cover is high (10) whereas the rest days is lower (4) as showed in the weather data 
file. 
 




4.2 Calculated humidities. 
The second part of this chapter is the analysis of the humidity levels in the building. The 
humidity can be described with two different measurements, the relative humidity and 
the humidity ratio. In thermodynamics the humidity ratio or else specific humidity is 
defined as the ratio of the mass of the water vapor to the mass of dry air (kg/kg). More-
over, the definition of the relative humidity is the ratio of the mole fraction of water va-
por in a given moist air sample to the mole fraction in a saturated moist air sample at the 
same mixture temperature and pressure. 
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 4.2.1 Humidity ratios. 
An overall demonstration of the distribution of the humidity ratio in gr of vapor in 1 kg 
of air is made in figures 4.25, 4.26, 4.27 and 4.28 for Athens, Andravida, Thessaloniki 
and Kastoria respectively.  
In figures 4.25 and 4.26 the red line is B1, the blue line is A1, the purple line is C1 and 
the yellow line is the ambient humidity ratio. The purple and the red line coincide be-
cause the respective zones have the same humidity ratio. The blue line is hidden. In fig-
ure 4.27 the red line represents the humidity ratio for zone A1, the blue for zone C1, 
purple for zone B1 and yellow for the ambient humidity ratio. The red and the blue line 
coincide because the respective zones have the same humidity ratio to each other. In 
figure 4.28 the humidity ratio for zone B1 is showed with the red line, for zone A1 the 
blue line, for zone C1 the purple line. The ambient humidity ratio is presented by the 
yellow line.  
 
Figure 4.25: The humidity ratio in the thermal zones during the year for Athens. 
The values for the thermal zones for Athens range between 0.5 and 25 gr/kg whereas 
the ambient humidity ratio varies between 3 and 15 gr/kg. For Andravida, the indoor 
humidity ratio is between 0.5 and 25 gr/kg and the outdoor humidity ratio is between 3 
to 18 gr/kg. 
Moreover, Thessaloniki has ambient humidity ratio from 3 to 18 gr/kg, but in the office 
the range is 2 to 31 for zone B1 and 0.3 to 25 gr/kg for A1 and C1 zones. Figure 4.28 
shows the range of the ambient humidity ratio in Kastoria from 1 to 15 gr/kg. As for the 
  -73- 
interior humidity ratio, they are 0.2 to 24 gr/kg for zones A1 and C1 and 2 to 28 gr/kg 
for zone B1. 
 
Figure 4.26: The humidity ratio in the thermal zones during the year for Andravida. 
 
Figure 4.27: The humidity ratio in the thermal zones during the year for Thessaloniki.  
In addition to the above, the average humidity ratios as a function of time  for the 4 cit-
ies are showed in figures 4.29, 4.31, 4.33 and 4.35. In general the highest humidity rati-
os occur after 19:00 am, hours that are indifferent for the user. More analytically, in 
Athens all indoor average humidity ratios are from 3 to 18 gr/kg. The average ambient 
humidity ratio is stable and equal to 8 gr/kg. During the operating hours, there is a de-
crease of the humidity ratio during the early morning hours but after 11 am the average 




Figure 4.28: The humidity ratio in the thermal zones during the year for Kastoria. 
For the city of Andravida the average ambient humidity ratio ranges around 9 to 10 
gr/kg and the thermal zones’ ratios varies between 4 to 18 gr/kg. In the morning the ra-
tio is low (under 8 gr/kg) and at 12 pm it becomes stable around the 11 gr/kg.  
 
Figure 4.29: The humidity ratio in the thermal zones and the ambient humidity ratio for Athens. 
The next two figures for Thessaloniki and Kastoria, 4.31 and 4.32 respectively, show a 
differentiation between the humidity ratios of the conditioned and unconditioned spaces. 
The ambient ratio for Thessaloniki and Kastoria are 8 and 6 gr/kg respectively. The av-
erage ratios for the corridors and stairs range between 13 and 18 gr/kg for the 2 cities. 
Finally, in Thessaloniki the humidity ratio at office hours is between 4 to 10 gr/kg and 
for Kastoria between 3 to 10 gr/kg. The rest of the hours the ratios increase up to 15 
gr/kg. 
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Figure 4.30: The humidity ratio in the thermal zones and the ambient humidity ratio for 
Andravida. 
 




Figure 4.32: The humidity ratio in the thermal zones and the ambient humidity ratio for 
Kastoria. 
4.3 Energy outputs. 
In this chapter, the energy results and calculations are presented and explained. Firstly, 
the energy gains and losses through infiltration, ventilation, solar radiation and internal 
gains are showed. Moreover, the monthly electricity consumption is demonstrated in 
order calculate the energy need of the whole building. In the next  a comparison of the 
energy consumption is performed for different photovoltaic panel areas and different 
packing factors. All the above analysis is very important due to the fact, that except 
from the thermal comfort that the system will provide to the user, it should be more ef-
ficient and energy saving compared to the conventional one. If the final and primary 
energy consumption by this system is higher than the conventional one, the whole effort 
is ineffective and futile.  
4.3.1 Energy gains and losses. 
In the winter the indoor temperature needs to be higher than the outdoor, thus there is an 
energy loss from the building to the environment through infiltration. On the contrary, 
at summer period hot air enters the building through leakage and therefore the infiltra-
tion is positive thus a gain for the office. In general the air penetrates through small 
cracks in doors frames, window frames, outlets, walls, floors, roof, etc. The more sur-
face contacts to the external air the bigger the infiltration. As it can be seen in figure 
  -77- 
4.33. The bigger thermal zones A1 and C1 have more infiltration that zone B1 because 
more wall surface is exposed to the air and because there are more windows in these 
rooms.  
 
Figure 4.33: The monthly infiltration in kWh for all thermal zones in Athens, Andravida, Thes-
saloniki and Kastoria. 
 
Figure 4.34: The monthly ventilation in kWh for all thermal zones in Athens, Andravida, Thes-
saloniki and Kastoria. 
The zones A1 and C1 have the same infiltration as showed in figure 4.33. A high nega-
tive infiltration an winter accompanies a lower positive infiltration at summer. In zones 
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A1 and C1, the more gains at summer and fewer losses at winter occur in Athens. In 
Thessaloniki and Andravida, the first line is steeper and Andravida’s smoother. This 
occurs probably because in Thessaloniki the meteorological events are more extreme 
(hot in summer and cold in winter) whereas in Andravida the weather in more mild. 
Kastoria with the lower temperatures during the whole year has the smallest gains in 
summer and more losses in winter. 
 
Figure 4.35: The monthly solar radiation in kWh for all thermal zones in Athens, Andravida, 
Thessaloniki and Kastoria. 
 
Figure 4.36: The monthly internal gains in kWh for all thermal zones in Athens, Andravida, 
Thessaloniki and Kastoria. 
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The next figure (4.34) shows the ventilation losses of the building monthly for the 4 cit-
ies. It should be noted that there is no ventilation in zones B1 therefore no losses occur. 
In general, the ventilation losses need to be low in winter in order not to decrease the 
indoor heat requirements. Moreover, they need to be high at summer because it is im-
portant to withdraw the excess heating from the conditioned zones through the mechan-
ical ventilation. Additionally, it should be mentioned that no natural ventilation occurs 
because the windows cannot open, so there are no losses from that. The smallest losses 
are observed in the building in Kastoria, then Thessaloniki, then Andravida and finally 
Athens. 
The solar radiation gains for the building are demonstrated in figure 4.35. All the solar 
gains are positive. The zones A1 and C1 have the same gains in respect for each city. As 
before, the radiation that the zone B1 gets is less than this of the radiation of the other 
zones due to the wall and window exposure to the sun. Although it would be normal to 
have the maximum radiation gains during summer, it occurs in September for all cities. 
In Thessaloniki the smallest gains appear and Kastoria is second. Athens and Andravida 
have similar values. 
Furthermore, figure 4.36 shows the internal gains monthly for the three zones. They are 
the same for all the cities because there do not depend on the ambient conditions. Zone 
A1 and C1 have the same gains due to the persons that work in the area, due to the 
lighting and due to the devices such as the personal computers (analytically in chapter 
3). Zone B1 includes gains from the lighting only. The different values during the year 
happen due to the different number of days of each month.  
4.3.2 Electrical production and consumption. 
In order to find an optimal efficient solution for the particular systems it is necessary to 
understand the energy production and consumption in order to maximize the first and 
minimize the second. In figure 4.37 the electricity production is demonstrated. The area 
of the PV/T is 40 m
2 
(6.7 kW installed capacity) with a packing factor equal to 0.8 pro-
duces the maximum electricity in the summer in all the cities.  
For Athens and Andravida the slope of the photovoltaics is equal to 27 deg whereas for 
Thessaloniki and Kastoria the slope was equal to 30 deg. In January and December the 
lowest production takes place, as expected. The maximum production is almost 800 
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kWh in July for all the places. There is a direct relation between the solar radiation and 
the electricity generation as shown in figure 3.1. The total production in kWh/yr is 
6214, 6050, 5067 and 6270 for Athens, Andravida, Thessaloniki and Kastoria respec-
tively. It can be observed that the total production in Kastoria is even higher than Ath-
ens although is northern. 
 
Figure 4.37: The electricity production from the PV/T with area of 40 m
2




Figure 4.38: The furnace required heating for all cities in kWh/month. 
Another important factor for the feasibility of the system is the energy that the furnace 
consumes. As seen in figure 4.38, there is no consumption of natural gas or oil during 
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the cooling period (May to October) the biggest consumption of the furnace occurs in 
Kastoria, second in Thessaloniki, third in Athens and the least consuming is in 
Andravida. All these are inversely proportional to the ambient temperatures of the cit-
ies. The biggest consumption takes places in January as expected. Additionally to the 
above the electricity demand of the whole building is presented in figure 4.39. The 
highest demand of electricity is for the lights and the devices of the office. The lighting 
consume from 1560 to 1800 kWh/month and the devices from 1440 kWh to 1660 kWh. 
The total demands of the lights and the devices are 20360 and 18790 kWh/yr respec-
tively. Third in consumption is the fan with values between 530 and 620 kWh/month. 
The total consumption of the fan is around 7000 kWh/yr. All the above consumptions 
are the same for all the cities.  
 
Figure 4.39: Electricity consumption for all the electricity consumers of the system.  
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The next pieces of information refer to each city in particular because the consumptions 
change. The heating  furnace has a consumption of a maximum of 10 kWh/month and 
total 30 kWh/yr for Athens, 10 kWh/month and 29 kWh/yr for Andravida, 21 and 24 
kWh/month for Thessaloniki and Kastoria respectively. The sums of the required heat-
ing of the two cities are 74 and 96 kWh/yr respectively. The furnace does not have elec-
tricity consumption in the cooling period. Moreover, the heat wheel functions only in 
the cooling period with total consumption of 250, 230, 230 and 165 kWh/yr for Athens, 
Andravida, Thessaloniki and Kastoria respectively. Other important electricity consum-
ers in the system are the humidifiers that are used in the desiccant cycle. There are two 
humidifiers in each system and their total consumptions are 6000, 5440, 5440 and 4000 
kWh/yr for Athens, Andravida, Thessaloniki and Kastoria respectively. 
Finally, the percentages of the annual electricity consumption per use should be pre-
sented, for the office. Figure 3.40 shows these for the city of Athens. Similar are the 
figures for the rest of the cities. It is easily spotted that the electricity consumption of 
the furnace and the heat wheel is negligible. First is the lighting (39%), then the devices 
(36%), third the ventilation (13%) and finally the cooling of the area (11.5%). 
 
Figure 3.40: The percentage of the electricity consumption of the office in Athens. 
4.4 Sensitivity analysis of the system. 
In the following chapter the system is analyzed with two different inputs. The first is the 
area of the thermal photovoltaics for all the cities and the second is the packing factor 
for the city of Thessaloniki. Additionally to the above, the system’s final and primary 
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energy are compared to the respective conventional system that was also simulated in 
TRNSYS.  
4.4.1 Energy outputs dependant on the PV/T’s collector area. 
In order to find the optimal values for the parameters under study for the system the ar-
ea of the PV/T was increased stepwise by 10 m
2
 in each case. The first value of the fig-
ures 3.41 to 3.46 represents the conventional systems with 0 m
2
 of collector area 
(CONV). The energy outputs that will be discussed are the electrical output of the 
photovoltaics, the net final energy consumption for electricity and oil and the primary 
energy consumption. 
The first size that is compared is the electrical output of the photovoltaics after the in-
verter when the d/c electricity is transformed to a/c (figure 3.41). The production of 
electricity is proportional to the collector’s area as expected. Therefore, the bigger the 
dimension of the pvs the higher the electricity production. Consequently, a possible in-
stallation of pvs on the roof should use all the free space in order to maximize the out-
put. As for the comparison among the four cities, the higher production is in Kastoria 
with 12000 kWh/yr for the 80 m
2
 of area, then Athens and then Andravida. This is ex-
plained by the fact that the global horizontal radiation and the direct normal radiation of 
Kastoria is the highest among the four cities. Thessaloniki is characterized by a lower 
production equal to 10000 kWh/yr for the 80 m
2
. As mentioned before, the conventional 
system does not include PV arrays therefore no electricity is generated 
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Figure 3.41: The electrical output of the PV/T dependant on the PV/T area in m
2
 for all the cit-
ies. 
In figure 3.42 is shown the net final consumption of the simulated systems for different 
collector areas. The electricity consumption which drops inversively to the area of the 
PV. The system functions with the net electricity, thus when the photovoltaics produce 
electricity the system uses it and the remaining is sold to the utility. Therefore, the more 
electricity generated the less the net consumption from the grid. An important observa-
tion is that the conventional system consumes less final electricity that the system with 
20 m
2
. The highest electricity consumption for the 0 m
2





is the conditioned area equal to 424.75 m
2
. For the base case (40 m
2
) the final 
electricity consumptions are in ascending order are 96.7 for Kastoria, 101.2 for Athens, 
101,8 for Andravida and finally 104.8 kWh/m
2
yr for Thessaloniki. The smallest is 
Kastoria for all cases probably because the cooling needs are lower. 
 
Figure 3.42: The net final electricity consumption dependant on the PV/T area in m
2
 for all the 
cities. 
Figure 3.44 shows that the primary energy consumption is respective to the final con-
sumption because according to TOTEE the primary for electricity for the energy mix of 
Greece is equal to the final times 2.9 (TOTEE 2012). 
Another energy consumption in the system is the use of oil or natural gas in the furnace. 
Figure 3.44 shows the final natural gas or oil consumption for all the systems. The high-
er consumption takes place when the collector area is equal to 0 m
2
 as expected. This is 
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even more than the primary energy consumed by the conventional system in all cities. 
The higher consumption occurs in Kastoria with the base case (40 m
2
) equal to 35 
kWh/m
2
. Second in consumption is Thessaloniki (23 kWh/m
2
yr), third is Andravida (9 
kWh/m
2
yr) and final is Athens (7 kWh/m
2
). In Kastoria the consumption rises in the 
case of the 80 m
2
 area. This increase is peculiar. An odd increase is observed also in the 
70 m
2
 area for Thessaloniki (21.3 kWh/m
2
yr in 60 m
2
 and 24 kWh/m
2




Figure 3.43: The primary electricity consumption dependant on the PV/T area in m
2
 for all the 
cities. 
 
Figure 3.44: The net final fuel (ng or oil) consumption dependant on the PV/T area in m
2
 for all 
the cities. 
The total primary energy consumption (figure 3.45) is not proportional to the final ener-
gy figure because in Athens and Thessaloniki there is natural gas network whereas in 
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Andravida and Kastoria oil is utilized. For natural gas, the factor for the energy mix for 
Greece is 1.05 and 1.1 for the oil (TOTEE 2012). The final figure of this analysis is 
shown in figure 3.46. The total primary energy consumption drops as the area of the 
photovoltaics increases thus the optimal solution from the energy aspect is the maximi-
zation of the collector’s area. 
 
Figure 3.45: The primary fuel (ng or oil) consumption dependant on the PV/T area in m
2
 for all 
the cities. 
 
Figure 3.46: The total primary energy consumption dependant on the PV/T area in m
2
 for all the 
cities. 
4.4.2 Energy outputs dependant on the packing factor of the PV/T’ s 
for Thessaloniki. 
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Figure 3.47 shows the electricity produced in the cells (blue line) and the electricity that 
comes out of the inverter (red line). As the packing factor increases, the generation is 
raised. That is obvious because more cells cover the collector’s area. Another observa-
tion is that as the production increases so the losses in the inverter rise. 
 
Figure 3.47: The in and out electricity of the inverter dependant on the packing factor of the 
PV/T for Thessaloniki. 
 
Figure 3.48: The electricity consumption dependant on the packing factor of the PV/T for Thes-
saloniki. 
The next figure (4.48) shows the electricity consumption of the system. There is a rise 
in the value for packing factor of 0.4 but the differences are very small and can be ne-
glected. The required energy for the furnace is the minimum in PF equal to 0.3. Also 
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here the changes are small. Therefore whichever PF would have been chosen it would 
make no difference regarding the final consumption. 
On the contrary, in the most important figure for the consumed primary energy depend-
ant on the packing factor, the minimum primary energy is consumed when the solar 
cells cover the whole area of the pvs. This can be explained by the fact that the electrici-
ty saved is more than the saved fuel and moreover the factor for the primary electricity 
is bigger than this of the natural gas (2.9 and 1.05 respectively). 
 
Figure 3.49: The required heating of the furnace dependant on the packing factor of the PV/T 
for Thessaloniki. 
 
Figure 3.50: The total primary energy consumption dependant on the packing factor of the PV/T 
for Thessaloniki. 
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5. Economic analysis 
The financial part of a project is very important because this is the main way to choose 
whether an investment will be made or not. In the previous chapter it was showed that 
the simulated system does save final and primary energy. But, it should be studied by 
the economic view. 
5.1 The conventional system. 
In table 5.1 all the initial costs of the conventional systems are showed. As it can be ob-
served the natural gas furnace is more expensive than the oil furnace. The tubes and 
controllers have high cost because the system was installed from the start. Therefore, for 
an office of 500 m
2
 these costs are high. The total investment for a NG system (Athens 
and Thessaloniki) is 4000 € whereas for the oil system (Andravida and Kastoria) 3740 
€. The cost of furnace differentiates the total investment. Indicatively, figure 5.1 pre-
sents the percentages of the values of the parts of the investment for the conventional 
system. The highest costs are dominated from the connection of the parts and the distri-
bution of the air. 
Athens Andravida Thessaloniki Kastoria
Furnace NG (40 kW) 800 0 800 0
Furnace Oil (50 kW) 0 540 0 540
Chiller 700 700 700 700
Fan 300 300 300 300
Tubes, controllers etc. 1600 1600 1600 1600
Installation 600 600 600 600
Total investment 4000 3740 4000 3740
Conventional system
 
Table 5.1: Initial costs of the conventional system. 
Athens Andravida Thessaloniki Kastoria
Oil/Natural gas 242.87 319.73 1002.37 2198.36
Electricity 7157.77 7152.86 7149.41 7117.52
Maintenance 200 200 200 200
Total expenses 7600.65 7672.59 8351.78 9515.88
Conventional system
 
Table 5.2: The operating costs of the conventional system. 
The final energy consumption, as calculated in the system, is 3036, 2722, 12530 and 
18717 kWh/yr that corresponds to 220 229, 906 and 1571 kg of fuel (NG or oil) respec-
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tively. One kg of NG produces 13.83 kWh and one kg of oil produces 11.92 kWh 
(TOTEE 2012). The average price of oil is expected to be 1.4 €/kg for this winter, there-
fore in Andravida the oil will cost 320 € and in Kastoria almost 3000 €, ten times more. 
The current price of natural gas is 0.08 €/kWh, therefore the cost of fuel is 243 € for 
Athens and 1000 € for Thessaloniki. 
 
Figure 5.1: The investment for the conventional system in percentages for all cities. 
Regarding the electricity consumptions, these were calculated equal to 47153, 47118, 
47093 and 46865 kWh/yr for Athens, Andravida, Thessaloniki and Kastoria respective-
ly. According to DESMIE the price of electricity is defined by the equation (5.1). 
Price (€/yr) = 0.14 * electricity consumption (kWh/yr) + 557 (5.1) 
Eventually, the costs for the electricity for the four cities are 7158, 7153, 7150 and 7118 
€/yr for Athens, Andravida, Thessaloniki and Kastoria respectively. The total expenses 
per year for all the cities are demonstrated in table 5.2. The highest costs are observed in 
Kastoria.  
5.2 The PV/T- desiccant system. 
Regarding the PV/T systems the initial cost is higher due to the pv/t installation but also 
because of the desiccant system. The furnaces have the same installed capacity to those 
of the conventional system thus the same price. In table 5.3 the initial costs of the PV/T 
system are showed in table 5.3 for pvs of 80 m
2 
area. The average price of the PV/T is 
280 €/m2 therefore for 80 m2 goes up to 22400 €. The total investment for the whole 
systems for Athens and Thessaloniki is 31150 € and 30890 € for Andravida and 
Kastoria. As it can be seen in figure 5.2, the highest cost for the PV/T system derives 
from the PV/Ts. 
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Athens Andravida Thessaloniki Kastoria
Furnace NG (40 kW) 800 0 800 0
Furnace Oil (50 kW) 0 540 0 540
Pv/thermal (80 m^2) 22400 22400 22400 22400
Humidifier (2.2 kW) 300 300 300 300
Humidifier (2.2 kW) 300 300 300 300
Desiccant wheel 1000 1000 1000 1000
Heat recovery wheel 2600 2600 2600 2600
Fan 300 300 300 300
Cooling Coil 250 250 250 250
Installation (HVAC) 600 600 600 600
Installation (pv/t) 700 700 700 700
Tubes, controllers etc. 1900 1900 1900 1900
Total investment 31150 30890 31150 30890
PV/T system
 
Table 5.3: The initial costs for the PV/T system (Solarwall 2012, technologicalteam 
2012, etl 2012).  
 
Figure 5.2: The investment for the PV/T desiccant system in percentages for all cities. 
As for the costs of the electricity the maintenance and the fuels, they are calculated the 
same way as for the conventional and are showed in table 5.4. The final energy con-
sumption for the PV/T system is 3092, 3506, 9977 and 14617 kWh/yr that corresponds 
to 224, 295, 722, and 1227 kg of fuel (NG or oil) respectively. As it was mentioned be-
fore, one kg of NG produces 13.83 kWh and one kg of oil produces 11.92 kWh 
(TOTEE 2012). With 1.4 €/kg oil and 0.8 €\kWh of NG, in Andravida the oil will cost 
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412 € and in Kastoria 1717 and the natural gas in Athens and Thessaloniki will be 
charged to 220 and 709 €/yr respectively. 
Regarding the overall net electricity consumptions, these were calculated equal to 
34120, 34398, 37016 and 32227 kWh/yr for Athens, Andravida, Thessaloniki and 
Kastoria respectively. Because of the fact that there is electricity generation on site and 
on weekends the PV’s electricity is directly fed in the grid (the office does not use it), 
the real bought electricity is 39979, 39924, 41569 and 38016 kWh/yr respectively. The 
difference between the net electricity and the bought is the sold electricity to the utility. 
This electricity is sold to the utility with the feed in tariff of 0.25 €/kWh for a 20-years 
period (YPEKA 2012). According to the Greek public utility for electricity the price of 
electricity is defined by the equation (5.1) (DEI 2012). The total expenses for the PV/T 
system are showed in table 5.4. The revenues from the photovoltaics are demonstrated 
in table 5.5. 
Athens Andravida Thessaloniki Kastoria
Oil/Natural gas 219.58 411.78 708.37 1716.73
Electricity 6128.11 6145.68 6376.04 5878.61
Maintenance 200 200 200 200
Total expenses 6547.68 6757.45 7284.41 7795.34
PV/T system
 
Table 5.4: The operating costs of the PV/T system. 
5.3 Comparative economic evaluation of the sys-
tems. 
In this chapter both systems will be discussed in order to find the optimal solution from 
the financial point of view. The financial tools that are used are the NPV, the simple 
payback period and the costs of primary energy saved. The NPV (Net Present Value) is 
the sum of the present values of the expected cash flows on the project, net of the initial 
investment (Damodaran 2005). In tables A.10 and A.11 of the appendix the complete 
calculation of the NPV of the projects for Athens are showed for a lifetime of 25 years 
with a discount rate of 8 % and an inflation of 2% for revenues and expenses. Similarly 
the NPVs for the rest of the cities have been calculated.  
The Net Present values of the systems for the four cities are demonstrated in table 5.5. 
The NPV for the 25 years for Athens is equal to -113076 € for the conventional system 
whereas -112633 € for the PV/T system. This indicates that the PV/T plan is economi-
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cally feasible because it costs less than the conventional one for Athens. If there would 
be financial incentives or rise of the prices of the fuels or the electricity, probably the 
NPV of the PV/T systems would be even lower than the conventional one. Observing 
the rest NPVs in table 5.5, in all cities the conventional system costs more than the 
PV/T during the 25-years lifetime. As presented in figure 5.3, the biggest difference be-
tween the two systems and thus the highest savings with PV/Ts occur when the systems 
are placed in Kastoria. For all cases the PV/T system is financially preferable. If there 
was no feed-in tariff for the electricity from the pvs, the system would not have been 
feasible. 
Athens Andravida Thessaloniki Kastoria
Simple payback period 11 12 12 9
NPV for conventional -113076 -113832 -123833 -140231
NPV for PV/T -112633 -109598 -120899 -123518
Savings from primary energy 1053 915 1067 1721
Revenues from photovoltaics 1420 1381 1138 1447
Total savings from primary energy 2473 2297 2206 3168  
Table 5.5: The simple payback period, the Net Present Values and the yearly economic 
savings for the four cities for the conventional and PV/T system. 
 
Figure 5.3: the Net Present Values of the conventional and the PV/T desiccant systems. 
In table 5.5 the simple payback period is showed. It is 11, 12, 12, and 9 years for Athens 
Andravida, Thessaloniki and Kastoria respectively. Considering the lifetime of the 
PV/T system to 25 years it is reasonable to install the PV/T system according to the 
payback period. Finally, the yearly economic savings from primary energy are positive 
for all cities, thus the PV/T system is feasible with this tool too. 
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6. Conclusions 
In this particular study a PV/T collector thus a collector which is both a heat absorber 
and photovoltaic module is utilized. Air is utilized as a working fluid. For the cooling 
performance of the system a desiccant system has been utilized. The desiccant material, 
whether it is liquid or solid, utilizes the sensible and latent heat of the air stream. More 
specifically, the solid desiccant system includes the rotary bed or else desiccant wheel 
where the sorption takes place continuously. The most used solid desiccant is the silica 
gel and this is also utilized in this study’s case.  The first patent on rotary desiccant air 
conditioning cycle was pioneered by Pennington. Some of the variations of this cycle 
are the recirculation cycle, the Dunkle desiccant system and the two stage desiccant sys-
tem. The main advantages of these systems are the high quality of air and the controlled 
temperature and humidity. The main drawback is the high initial costs to install these 
kinds of applications. 
The studied areas are Athens and Andravida (climatic zone B), Thessaloniki (climatic 
zone C) and Kastoria (climatic zone D). In this particular study the simulation program 
TRNSYS (Transient System Simulation Program) has been utilized to simulate both the 
studied building and the HVAC system. The required data needed to be set in the pro-
gram were the weather conditions of the areas. Some of meteorological data that are uti-
lized by the software are the global horizontal radiation (Wh/m
2
), the dry bulb tempera-
ture (1/10 
O
C) and the relative humidity (%). The building is an office building of 500 
m
2
 with a ceiling 3.5 m tall.  
The component that simulates a building is type56. The thermal zones, the areas and the 
layers of the walls, the orientation, the size and kind of the windows, the insulation and 
the U-values of all the building’s materials have been defined. In addition to that, there 
are some other values necessary such as the solar absorptance, the coefficient of the heat 
transfer etc. Moreover, the numbers of occupants, the internal gains, the leakage and the 
shading have been chosen. The flow rate of the HVAC system, same as the ventilation 
rate, is equal to 3000 kg/h. The building is required to have mechanical ventilation and 
it is controlled out of type56 the component that simulates the building. 
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Additionally, the system of the building consists of the weather data file, the radiation 
calculations, the psychometrics diagram (Type33), the sky temperatures (Type69) the 
shading of the wing wall (Type34) and all these are imported in the building compo-
nent. Type109 have been used for the input of the meteorological data. As for the 
HVAC system, the main components are PV/T  module (Type50), a diverting valve 
(Type646), the furnace (Type643), a rotary desiccant dehumidifier containing nominal 
silica gel (Type683), the air to air sensible heat exchanger (Type760), the humidifier 
(Type641), and the cooling coil (Type752). Moreover, there are the controllers of the 
systems the season control (Type518), the thermostat (Type108) and the week control 
(Type515) and finally the electricity loads have been calculated in the deck.  
Regarding the results of the simulation it has been observed that:  
The thermal insulation of the building envelope is better than the bounds set by TOTEE 
(TOTEE 2012), therefore the thermal losses are low. 
Although the ambient temperatures vary throughout the day the heating system covers 
the demand almost completely. 
The weekly and daily schedules of the systems can be observed in the simulation. Thus, 
the schedule of the HVAC system functions when needed (office hours). As a result a 
saving of energy and money takes place, smaller need for maintenance and longer life-
time of the system.  
At the workdays the temperature rises at 6 am when the heating system is turned on and 
drops at the afternoon. During the working hours, there are some reductions of the in-
door temperatures during the operation hours. In these hours, the desired temperature 
has been achieved in the previous time-step and the heating system was controlled to 
turn off. Thus, in the next time-step the temperature is decreased. The reversed phe-
nomenon was observed during the cooling period. If the time-step was smaller, the vari-
ations would have been smaller but the computational time would have been too high. 
At weekends the temperatures are low at heating period and high at cooling period at all 
times because the system does not operate. 
There is no heating in the corridors and stairs thus there is temperature difference 
among the unconditioned area (B1) and the two thermal zones (A1 and C1). The tem-
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peratures of the zone A1 are similar to those of zone C1 because the size of the rooms 
and the operating temperatures are the same.  
The lowest temperature for Athens and Andravida was 16 
O
C and for Thessaloniki and 
Kastoria was 15 and 14 
O
C respectively.  Low values under 17 
O
C in heating period op-
posing the thermal comfort were observed for less 7% of the operating period.  
The highest temperature for the thermal zones for this system was 29 
O
C for all four cit-
ies. In all cities less than 4% of the operating hours had temperatures more than 26 
O
C. 
The average temperatures during the office hours for the conditioned zones for the four 
cities vary between 18 and 23 
O
C.  
The unconditioned area is not affected much by the solar gains probably due to the fact 
that there are no windows in the south and the room’s east and west sides are internal.  
In winter, the temperature of
 
the PV/T outlet reaches almost 30 
O
C when the ambient air 
has a temperature 20 
O
C at most. The ambient temperature is equal to the temperature of 
the cooling coil because the coil is not in use. The furnace temperatures are equal to 30 
O
C (Athens and Andravida) or 33 
O
C (Thessaloniki and Kastoria) as chosen in the simu-
lation. When the furnace is not in use (weekend and nights) and when there is no solar 
radiation (nighttime) the temperature of the three components is the same. 
For the summer operation the temperature of the PV/T reaches 60 
O
C. These tempera-
tures are respectively equal to the outlet air temperatures of the furnace since this device 
in turned off. The cooling coil drops the air temperature equal to the chosen 0 
O
C for the 
workdays. It does not work in the weekends.  
In week 27
th
 on Tuesday and Sunday, the temperatures of the PV/T are lower probable 
due to cloudy weather. This is supported by the fact that the sky cover is high (10) 
whereas the rest days is lower (4) as showed in the weather data file. 
The values of the humidity ratios for the thermal zones range between 0.5 and 31 gr/kg 
whereas the ambient humidity ratio varies between 1 and 18 gr/kg. The highest humidi-
ty ratios occur after 19:00 am, hours that are indifferent for the user.  
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The differentiation between the humidity ratios of the conditioned and unconditioned 
spaces shows the humidity control that the system applies.  
The bigger thermal zones A1 and C1 have more infiltration that zone B1 because more 
wall surface is exposed to the air and because there are more windows in these rooms. A 
high negative infiltration an winter accompanies a lower positive infiltration at summer.  
The ventilation losses are low in winter as needed in order not to decrease the indoor 
heat requirements. Moreover, they need to be high at summer because it is important to 
withdraw the excess heating from the conditioned zones through the mechanical ventila-
tion. There is no ventilation in zones B1, therefore no losses occur. The windows cannot 
open, so there are no losses from natural ventilation. 
The maximum production of electricity is almost 800 kWh in July for all the places. 
There is a direct relation between the solar radiation and the electricity generation. As 
for the comparison among the four cities, the higher production is in Kastoria then Ath-
ens, Andravida and finally Thessaloniki. Kastoria is even higher than Athens although 
is northern due to higher solar radiation. 
There is no consumption of natural gas or oil during the cooling period (May to Octo-
ber) the biggest consumption of the furnace occurs in Kastoria, then Thessaloniki, Ath-
ens and finally in Andravida. All these are inversely proportional to the ambient tem-
peratures of the cities. The biggest consumption takes places in January as expected.  
The heating furnace has a consumption of electricity in the heating period in contrary to 
the heat wheel and the humidifiers that function only in the cooling period.   
It is easily spotted that the consumption of the furnace and the heat wheel is negligible. 
First is the lighting (39%), then the devices (36%), third the ventilation (13%) and final-
ly the cooling of the area (11.5%). 
The production of electricity is proportional to the collector’s area as expected. Conse-
quently, a possible installation of pvs on the roof should use all the free space in order 
to maximize the output. 
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The electricity consumption drops inversively to the area of the PV. The PVs produce 
electricity and the system uses it all. Therefore, the more electricity generated the less 
the net consumption from the grid.  
Comparing the conventional system to the PV/T, the first consumes less final electricity 
than the PV/T system with an area of 20 m
2 
of photovoltaics. The higher consumption 
of oil or natural gas takes place when the collector area is equal to 0 m
2
 as expected.  
The total primary energy consumption drops as the area of the photovoltaics increases 
thus the optimal solution from the energy aspect is the maximization of the collector’s 
area. 
As the packing factor increases, the generation is raised. That is obvious because more 
cells cover the collector’s area. Moreover, whichever packing factor would have been 
chosen, it would make no difference regarding the fuel or electricity consumption sepa-
rately because the variations are insignificant. On the contrary, regarding the overall 
primary energy dependant on the packing factor, the minimum primary energy is con-
sumed when the solar cells cover the whole area of the PVs.  
From the economic point of view, PV/T systems the initial costs of the PV/T systems 
are higher due to the pv/t installation but also because of the desiccant system. Compar-
ing the initial costs of the conventional and the PV/T system (80 m
2
 area of PVs), the 
second costs almost 8 times more and this is a drawback for the promotion of these sys-
tems. If there were economic incentives from the state, then the installation would have 
been easier. 
The operating expenses of the systems are dominated from the fuel’s prices, the elec-
tricity cost and the maintenance. For the PV/T systems there are revenues from the sales 
of the generated electricity to the grid.  
According to all the used financial tools (NPV, the simple payback period and the costs 
of primary energy saved) the PV/T systems is economically feasible compared to the 
conventional one for a lifetime of 25-years for all the cities. The best results appear for 
Kastoria because oil is used as fuel (higher price than the NG’s) and more electricity is 
generated due to higher insolation.  
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From all the above it can be concluded that the study of such combined systems is very 
complicated and is affected by many parameters. The previous results have showed that 
the simulated system is viable from both energy and economic point of view and it 
could be a possible solution to the search for economic and efficient systems. Both the 
PV/T and desiccant systems can be improved and be more efficient. Moreover, a possi-
ble large production could make them economically competitive to the conventional 
systems. Finally it should be noted that the aim of the future studies would be to opti-
mize more these systems in order to promote sustainability and improve the quality of 
life. 
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Appendix 
The radiation equations: 
AISZ= Input1 (1) 
AISA= Input2 (2) 
IT_H= max (Input3, 0) (3) 
IB_H=max (Input4, 0) (4) 
ID_H=Input5 (5) 
AI_H= Input6 (6) 
IT_N= Input7 (7) 
AI_N= Input8 (8) 
IB_N=Input9 (9) 
IT_S= Input10 (10) 
IB_S= Input11 (11) 
AI_S= Input12 (12) 
IT_E= Input13 (13) 
IB_E= Input14 (14) 
AI_E= Input15 (15)  
IT_W= Input16 (16) 
IB_W= Input17 (17) 
AI_W= Input18 (18) 
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Outputs Inputs
Weather data Radiation calculation 
Solar zenith angle Input1
Solar azimuth angle Input2
Total radiation on horizontal surface Input3
Beam radiation on horizontal surface Input4
Sky diffuse radiation on horizontal Input5
Angle of incidence on horizontal surface Input6
Total radiation on tilted surface 1 Input7
Angle of incidence for tilted surface 1 Input8
Beam radiation on tilted surface 1 Input9
Total radiation on tilted surface 2 Input10
Beam radiation on tilted surface 2 Input11
Angle of incidence for tilted surface 2 Input12
Total radiation on tilted surface 3 Input13
Beam radiation on tilted surface 3 Input14
Angle of incidence for tilted surface 3 Input15
Total radiation on tilted surface 4 Input16
Beam radiation on tilted surface 4 Input17
Angle of incidence for tilted surface 4 Input18
Weather data Sky temperatures
Total radiation on horizontal surface Total radiation on horizontal surface
Beam radiation on horizontal surface Beam radiation on horizontal surface
Weather data Psychrometrics
Ambient temperature Dry bulb temperature
Relative humidity Percent relative humidity  
Table A.1: Connections of inputs and outputs.  
Outputs Inputs
Phychrometrics Sky temperatures 
Dry bulb temperature Ambient temperatures
Dew point temperature Dew point temperature
Phychrometrics Building 
Percent relative humidity RELHUAMB
Dry bulb temperature TAMB
Sky temperatures Building 
Fictive sky temperature TSKY  
Table A.2: The connection between the Psychrometrics the sky temperatures and the building. 
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Outputs Inputs
Radiation  calculations Wing wall (South)
AISZ Solar zenith angle
AISA solar azimuth angle
IT_H Total horizontal radiation
ID_H Horizontal diffuse radiation
IB_S Beam radiation
AI_S Incidence angle of direct radiation




















AI_W AI_WEST  
Table A.3: The connections between the radiation calculation module and several components.  
Outputs Inputs
Weather data PV/T
Ambient temperature Inlet fluid temperature
Wind velocity Wind speed
Ambient temperature Ambient temperature
Radiation calculations PV/T
IT_H Incident radiation  






Outlet fluid temperature Inlet fluid temperature
Fluid flowrate Fluid flowrate
Psycrometrics Diverting valve
Humidity ratio Inlet humidity ratio
Diverting valve Mixing valve
Outlet air temperature 1 Inlet air temperature 2
Outlet air humidity ratio 1 Inlet air humidity ratio 2
Diverting valve Furnace
Outlet air temperature 2 Inlet air temperature 
Outlet air humidity ratio 2 Inlet air humidity ratio 
Flowrate at outlet 2 Air flowrate
Diverting valve Desiccant wheel
Flowrate at outlet 3 Regeneration flowrate
Furnace Mixing valve
Outlet air temperature Inlet air temperature 4
Outlet air humidity ratio Inlet air humidity ratio 4  
Table A.5: The connections among the PV/T, the diverting valve, the psychrometrics, the fur-
nace and the mixing valve. 
Outputs Inputs
Psycrometrics Desiccant wheel
Humidity ratio Process inlet humidity ratio
Dry bulb temperature Process inlet air temperature 
Dry bulb temperature Ambient temperature
Desiccant wheel Heat wheel
Process outlet humidity ratio Fresh air temperature
Process oulet air flowrate Fresh air humidity ratio
Process oulet air temperature Fresh air flowrate
Heat wheel Humidifier 1
Fresh air temperature Inlet air temperature 
Fresh air humidity ratio Inlet air humidity ratio 
Fresh air flowrate Inlet air flowrate
Humidifier 2 Heat wheel
Outlet air temperature Exhaust air temperature 
Outlet air humidity ratio Exhaust air humidity ratio 
Outlet air flowrate Exhaust air flowrate  
Table A.6: Connections among the psychrometrics, the desiccant wheel, the heat wheel, and the 
two humidifiers.  
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Outputs Inputs
Humidifier 1 Cooling coil
Outlet air temperature Inlet air temperature 
Outlet air humidity ratio Inlet air humidity ratio 
Outlet air flowrate Inlet air flowrate
Cooling coil Mixing valve
Outlet air temperature Inlet air temperature 3
Outlet air humidity ratio Inlet air humidity ratio 3
Mixing valve Dehumidifier
Outlet air temperature Inlet air temperature 
Outlet air humidity ratio Inlet air humidity ratio 
Mixing valve Fan
Flowrate at outlet Inlet air flowrate
Dehumidifier Building
Outlet air temperature Inlet air temperature 
Outlet air humidity ratio Inlet air humidity ratio 
Fan Building
Flowrate at outlet Inlet air flowrate
Psycrometrics Mixing valve
Dry bulb temperature Inlet air temperature 1
Humidity ratio Inlet air humidity ratio 1  
Table A.7: The connection among the humidifier, the cooling coil, the mixing valve, the dehu-





Control signal for 1st stage heating ambientcontrol
Control signal for 2nd stage heating pvtcontrol
Control signal for 3rd stage heating heatcontrol
Control signal for 1st stage cooling coolcontrol
Week control Controllers
Function control timecontrol  





Control signal for 2nd stage heating Fraction of flowrate to outlet-1
Control signal for 3rd stage heating Fraction of flowrate to outlet-2
Control signal for 1st stage cooling Fraction of flowrate to outlet-3
Thermostat Control airflow
Control signal for 1st stage heating controlambient
Control signal for 2nd stage heating controlheat
Control signal for 3rd stage heating controlheat2
Control signal for 1st stage cooling controlcool
Season control Control airflow
Function value Period
Control airflow Mixing valve
flowambient Inlet flow rate-1
flowheat Inlet flow rate-2
flowcool Inlet flow rate-3
flowheat2 Inlet flow rate-4  
Table A.9: The connections among the thermostat, the diverting valve, the control airflow, the 
season control and the mixing valve.  
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years 0.00 1.00 2.00 3.00 4.00 5.00 6.00
Initial investment 4000.00
Revenues
Expenses 7600.65 7752.66 7907.71 8065.87 8227.18 8391.73
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00
EBIT -7760.65 -7912.66 -8067.71 -8225.87 -8387.18 -8551.73
taxes -1008.88 -1028.65 -1048.80 -1069.36 -1090.33 -1111.72
Net income -8769.53 -8941.30 -9116.51 -9295.23 -9477.52 -9663.45
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00
After tax cashflows -8609.53 -8781.30 -8956.51 -9135.23 -9317.52 -9503.45
Present Value -7971.79 -7528.55 -7109.97 -6714.67 -6341.35 -5988.79
years 7.00 8.00 9.00 10.00 11.00 12.00 13.00
Initial investment
Revenues
Expenses 8559.56 8730.75 8905.37 9083.48 9265.14 9450.45 9639.46
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00 160.00
EBIT -8719.56 -8890.75 -9065.37 -9243.48 -9425.14 -9610.45 -9799.46
taxes -1133.54 -1155.80 -1178.50 -1201.65 -1225.27 -1249.36 -1273.93
Net income -9853.10 -10046.55 -10243.87 -10445.13 -10650.41 -10859.81 -11073.39
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00 160.00
After tax cashflows -9693.10 -9886.55 -10083.87 -10285.13 -10490.41 -10699.81 -10913.39
Present Value -5655.83 -5341.40 -5044.44 -4764.00 -4499.16 -4249.04 -4012.83
years 14.00 15.00 16.00 17.00 18.00 19.00 20.00
Initial investment
Revenues
Expenses 9832.25 10028.89 10229.47 10434.06 10642.74 10855.59 11072.71
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00 160.00
EBIT -9992.25 -10188.89 -10389.47 -10594.06 -10802.74 -11015.59 -11232.71
taxes -1298.99 -1324.56 -1350.63 -1377.23 -1404.36 -1432.03 -1460.25
Net income -11291.24 -11513.45 -11740.10 -11971.29 -12207.09 -12447.62 -12692.96
Depreciation 160.00 160.00 160.00 160.00 160.00 160.00 160.00
After tax cashflows -11131.24 -11353.45 -11580.10 -11811.29 -12047.09 -12287.62 -12532.96
Present Value -3789.75 -3579.08 -3380.12 -3192.22 -3014.77 -2847.19 -2688.92
years 21.00 22.00 23.00 24.00 25.00
Initial investment
Revenues
Expenses 11294.16 11520.04 11750.44 11985.45 12225.16
Depreciation 160.00 160.00 160.00 160.00 160.00
EBIT -11454.16 -11680.04 -11910.44 -12145.45 -12385.16
taxes -1489.04 -1518.41 -1548.36 -1578.91 -1610.07
Net income -12943.20 -13198.45 -13458.80 -13724.36 -13995.23
Depreciation 160.00 160.00 160.00 160.00 160.00
After tax cashflows -12783.20 -13038.45 -13298.80 -13564.36 -13835.23




Table A.10: Calculation of the Net Present Value of the conventional system for Ath-
ens. 
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years 0 1 2 3 4 5 6
Initial investment 31150.00
Revenues 1419.68 1448.07 1477.03 1506.57 1536.70 1567.44
Expenses 6547.68 6678.63 6812.21 6948.45 7087.42 7229.17
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
EBIT -6374.01 -6476.57 -6581.18 -6687.88 -6796.72 -6907.73
taxes -828.62 -841.95 -855.55 -869.42 -883.57 -898.01
Net income -7202.63 -7318.52 -7436.73 -7557.30 -7680.29 -7805.74
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
After tax cashflows -5956.63 -6072.52 -6190.73 -6311.30 -6434.29 -6559.74
Present Value -5515.39 -5206.21 -4914.40 -4639.00 -4379.07 -4133.75
years 7 8 9 10 11 12 13
Initial investment
Revenues 1598.79 1630.76 1663.38 1696.64 1730.58 1765.19 1800.49
Expenses 7373.75 7521.23 7671.65 7825.08 7981.59 8141.22 8304.04
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
EBIT -7020.97 -7136.47 -7254.28 -7374.44 -7497.01 -7622.03 -7749.55
taxes -912.73 -927.74 -943.06 -958.68 -974.61 -990.86 -1007.44
Net income -7933.69 -8064.21 -8197.33 -8333.12 -8471.62 -8612.89 -8756.99
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
After tax cashflows -6687.69 -6818.21 -6951.33 -7087.12 -7225.62 -7366.89 -7510.99
Present Value -3902.20 -3683.66 -3477.40 -3282.71 -3098.94 -2925.49 -2761.78
years 14 15 16 17 18 19 20
Initial investment
Revenues 1836.50 1873.23 1910.70 1948.91 1987.89 2027.65 2068.20
Expenses 8470.12 8639.53 8812.32 8988.56 9168.33 9351.70 9538.73
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
EBIT -9716.12 -9885.53 -10058.32 -10234.56 -10414.33 -10597.70 -10784.73
taxes -1263.10 -1285.12 -1307.58 -1330.49 -1353.86 -1377.70 -1402.02
Net income -10979.22 -11170.64 -11365.90 -11565.06 -11768.20 -11975.40 -12186.75
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00 1246.00
After tax cashflows -9733.22 -9924.64 -10119.90 -10319.06 -10522.20 -10729.40 -10940.75
Present Value -3313.78 -3128.66 -2953.90 -2788.92 -2633.17 -2486.13 -2347.32
years 21 22 23 24 25
Initial investment
Revenues 2109.56 2151.75 2194.79 2238.69 2283.46
Expenses 9729.51 9924.10 10122.58 10325.03 10531.53
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00
EBIT -10975.51 -11170.10 -11368.58 -11571.03 -11777.53
taxes -1426.82 -1452.11 -1477.92 -1504.23 -1531.08
Net income -12402.33 -12622.21 -12846.50 -13075.27 -13308.61
Depreciation 1246.00 1246.00 1246.00 1246.00 1246.00
After tax cashflows -11156.33 -11376.21 -11600.50 -11829.27 -12062.61




Table A.11: Calculation of the Net Present Value of the PV/T system for Athens. 
